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This thesis focuses on the fabrication, characterisation and analysis of high-
quality transparent conductive electrodes for application in heterojunction 
silicon wafer solar cells. Indium tin oxide (ITO) is the material of interest, 
which is investigated by both the pulsed direct current (PDC) and the 
unbalanced radio frequency (URF) magnetron sputtering methods. The 
influences of deposition parameters and annealing conditions on the 
performance of the ITO films are studied and the optimal deposition 
conditions are established for both systems. The results show that ITO films 
with low crystallinity have degraded electrical properties after annealing at 
200 ºC. The degradation of ITO film properties is associated with the excess 
scattering centres formed along with the newly crystallised regions, which 
significantly deteriorate the electron mobility.  
The relationships between the deposition conditions and the material 
properties are investigated by X-ray photoelectron spectroscopy (XPS). It is 
shown that the major electron donors in amorphous ITO films are oxygen 
vacancies. With the increase of the film crystallinity, the doping efficiency of 
Sn atoms improves. The substitutional Sn atoms contribute additional free 
electrons in ITO films, which improve the film’s conductivity. It is also shown 
that the darkening of ITO films observed in PDC sputtering is due to the 
existence of second phase Sn3O4, which severely darken the ITO sample 
when it is excessively present in the surface layer and in the bulk of the film. 
The hydrogen gas used in the URF sputtering method is shown to effectively 
lower the concentration of free electrons. Benefiting from the reduced electron 
scattering by ionized dopant atoms, the ITO films deposited with hydrogen 
gas maintain a high electron mobility.  





Besides the ITO material properties, the sputter induced damages are also 
studied. It is shown that in PDC sputtering the ion bombardment damage is 
the primary damage contributor, while plasma luminescence damage is the 
main cause of damage in URF sputtering. A few HET solar cells are 
fabricated by varying only the ITO deposition conditions in the URF sputtering 
system. It is shown that the deposition temperature and the chamber ambient 
are crucial for achieving good ITO properties and for maintaining good 
interface properties. The champion solar cell shows a respectable efficiency 
of 19.7%. By means of detailed loss analyses of the cells’ fill factor (FF) and 
external quantum efficiency (EQE), the major loss mechanisms are quantified 
for different ITO deposition conditions. It is demonstrated that, by slightly 
adjusting the currently used process recipes, HET solar cells with more than 
20% efficiency can be achieved.  
A novel mesh material formed by silver nanoparticles is investigated in order 
to break the electrical and optical limitations of ITO films. The hybrid structure 
is formed by superimposing a silver mesh with a thin TCO layer, where the 
silver mesh and the TCO layer are functioning as the electrical layer and the 
optical layer, respectively. The developed TCO/SANTE hybrid structure 
shows a sheet resistance as low as 4.4 Ω/□ and over 80% visible 
transmission, which demonstrates its potential to enhance the efficiency of 
HET solar cells by boosting the conductivity of the front electrode.  
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θhkl The Bragg angle at (hkl) planes  [º] 
Ekin The kinetic energy of the photoelectron  [eV] 
EB The electron binding energy  [eV] 
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Φ Work function of the material  [eV] 
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∆n Excess minority carrier concentration  [cm-3] 
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τeffective Effective minority carrier lifetime  [s] 
τbulk  Bulk lifetime  [s] 
τfront surface Front surface lifetime  [s] 
τrear surface Rear surface lifetime  [s] 
VOC Open-circuit voltage  [V] 
ISC Short-circuit current  [A] 
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FF Fill factor  [%] 
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two-diode model 
 [mAcm-2] 
pFF Pseudo fill factor   [%] 
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FF-J01 Upper limit of fill factor set by first diode 
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 [%] 
∆FF-RS Loss in fill factor due to series resistance  [%] 
∆FF-RSH Loss in fill factor due to shunt resistance  [%] 
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 [%] 
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 [%] 
Pmpp Maximum power output of the cell  [W] 
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-2] 
η Energy conversion efficiency  [%] 
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2] 
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2] 
PO2/PH2 Oxygen/hydrogen partial pressure  [%] 
Tsub Substrate temperature  [ºC] 
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Tvisible Average transmission in the visible range  [%] 
Tvisible corrected Visible transmission of the coating film 
excluding the influence of substrate 
 [%] 
ΦTC Figure-of-merit  [Ω
-1] 
 









The ever-growing energy consumption and environmental concerns caused 
by fossil fuels boost the demand for low-cost renewable energy sources. 
According to the factsheet of the “World Energy Outlook 2014” published by 
the International Energy Agency (IEA) [1], the global electricity demand will 
increase by almost 80% over the period 2012–2040. The share of renewables 
in total power generation will rise from 21% in 2012 to 33% in 2040, which is 
expected to supply nearly half of the growth in global electricity generation. It 
is predicted that renewables will surpass coal as the primary source of 
electricity generation after 2035.  
Solar energy, as one of the renewables which has shown a great potential to 
provide affordable, inexhaustible and clean energy, has attracted much 
attention in the past decades [2]. Solar energy is essentially unlimited and 
sustainable, therefore it can be potentially utilised wherever there is sunshine. 
Above that, solar energy is more uniformly distributed worldwide compared to 
fossil fuels. Depending on the way how solar energy is harnessed, solar 
energy can be classified as solar photovoltaics, solar heat, solar thermal 
electricity and solar fuels [3].  
Photovoltaics (PV) is a method that converts sunlight directly into electricity 
by means of solar cells. The discovery of the PV effect dates back to the early 
19th century. In 1839, the French physicist A. E. Becquerel discovered the 





photoelectric effect, on which PV technology is based [4]. In 1954, Darryl 
Chapin, Calvin Fuller and Gerald Pearson, associates of Bell Labs, invented 
the silicon solar cell for powering satellite applications – an extreme example 
of remote, off-grid electricity demand. Based on a diffused p-n junction 
structure, these solar cells reached 6% conversion efficiency, which is 
considered as the ancestor of the modern PV technologies [5]. In the early 
1970s, PV was adapted to terrestrial applications by Elliot Berman which 
opened the door of opportunity to PV as a renewable energy [6]. Although PV 
technology has been known for many years, the large-scale use of PV 
systems began only in the last decade. Global installed capacity went from 5 
GW in 2005 to 40 GW in 2010 and the number is increasing rapidly [3]. In 
2013, the global cumulative PV capacity was 139 GW and it is expected that 
the number will be no less than 321 GW in 2018, see Figure 1–1 [7].  
 
Figure 1–1 Global PV cumulative scenario until 2018 [7].  
The current PV market is dominated by silicon wafer based solar cells [8, 9]. 
The leading position of these solar cells is mainly due to the abundance of the 





silicon raw material, the cheap and relatively easy fabrication process, and 
the long technical lifetime of the solar modules [10]. Among the silicon wafer 
based solar cells, the diffused homojunction p-type multicrystalline silicon 
wafer solar cell is the mainstream technology of today’s PV market, with a cell 
efficiency in the 17–19% range [11]. In order to make solar electricity more 
competitive with conventional energy sources, the conversion efficiency of the 
solar cells needs to be further improved [12].  
Nowadays, several high-efficiency solar cell structures are manufactured 
using high-quality n-type monocrystalline silicon wafers [11, 13]. The reasons 
for this change in the substrate polarity date back to the 1990s. Researchers 
found that the solar cells made from boron doped p-type Czochralski-grown 
(Cz) monocrystalline silicon substrates experience a significant efficiency 
degradation under illumination. The light-induced degradation (LID) was 
proven to originate from boron dopants which react with oxygen atoms under 
illumination [14, 15]. The high concentration of oxygen in Cz silicon cannot be 
avoided easily, as this would require costly modifications of the Cz crystal 
growth process. Thus, a switch to n-type Cz material has appeal, which does 
not show a LID effect.  
Besides the use of high-quality wafers, high-efficiency solar cells have taken 
the advantage of good surface passivation and an efficient emitter to enhance 
the energy conversion efficiency [16]. For example, the so-called PERL 
(Passivated Emitter Rear Locally-diffused) solar cell benefits from a well 
passivated emitter by a high-quality oxide at the front surface and locally 
diffused regions below the point-like rear metal contacts, giving a cell 
efficiency of 25.0% (UNSW [17]). The PERL cell applies photolithography 
technology to form “inverted pyramids” in the exposed front surface regions 
(which reduces surface reflection) and planar regions for the front electrode. It 





also needs high-temperature processes in order to grow high-quality oxides. 
The complex fabrication process makes it unviable for mass production. In 
the past few years, several variants of the PERL cell have overcome these 
difficulties, for example laser-doped selective emitter solar cells by UNSW [18] 
and Pluto solar cells by Suntech Power [19].  
One excellent example of a high-efficiency silicon solar cell that has been put 
into mass production is the so-called “heterojunction with intrinsic thin-layer” 
(HIT®) structure. This solar cell structure was invented by Japanese company 
Sanyo in 1992 [20]. Being developed for more than two decades since then, 
heterojunction (HET) silicon wafer solar cells have demonstrated very 
promising efficiency improvements. In recent years, HET solar cells fabricated 
on a thin wafer (98 μm) have been reported to have a remarkable efficiency of 
24.7% [21]. The record has been further improved to 25.6% in 2014 
(Panasonic [22]), exceeding the efficiency of the PERL cell and becoming the 
world’s highest efficiency for crystalline silicon-based solar cells under one-
sun illumination. Compared to the other high-efficiency solar cells, HET cells 
use simplified fabrication techniques that involve only low-temperature 
processes below 250 °C without the need for expensive and complicated 
patterning steps [12].  
HET solar cells use the plasma-enhanced chemical vapour deposition 
(PECVD) method to deposit intrinsic amorphous silicon (a-Si:H) to passivate 
wafer surface defects, and apply p-type doped a-Si:H to form a heterojunction 
with the n-type crystalline silicon (c-Si) wafer [23]. Owing to the excellent 
surface passivation and different metal grid contact scheme (where the metal 
grid is separated from the absorber by insertion of a passivating layer [12]), 
HET solar cells have excellent effective minority carrier lifetimes and open-
circuit voltages [22]. The design of the p-i-n structure is crucial for efficient 





carrier drift in the junction. At the other side of the HET cell, a phosphorus 
doped n-type a-Si:H layer is formed to attract electrons. Due to the 
comparatively low conductivity of the a-Si:H layers, transparent conductive 
oxide (TCO) layers are used on both sides to provide the required lateral 
conduction for the charge carriers. Schematics of HET solar cells with front 
hole collector and rear hole collector configurations are shown in Figure 1–2.  
 
Figure 1–2 Schematics of HET silicon wafer solar cells with (a) front hole 
collector configuration and (b) rear hole collector configuration. 
The working principle of HET solar cell is based on the misalignment of the 
bandgap energies of the c-Si wafer and the a-Si:H coating layers. The 
bandgap energy of c-Si is 1.12 eV at room temperature, while a-Si:H has a 
larger bandgap of around 1.7 eV [24]. The bandgap difference between these 
two silicon materials results in a band offset on both sides of the Si wafer. The 
schematic band diagram of a HET cell on an n-type silicon wafer substrate is 
shown in Figure 1–3. This band offset behaves like a transport barrier for the 
minority carriers and rather a membrane for the majority carriers: the p-type 
a-Si:H film is a membrane for holes while the n-type a-Si:H film functions as a 
membrane for electrons [13]. Another advantage of applying membrane 
materials with larger bandgap is to allow more solar photons to transmit 
through the membrane into the absorber.  






Figure 1–3 Schematic band diagram of a HET solar cell based on an n-type 
c-Si wafer substrate. EF denotes the Fermi energy level and EC, EV denote the 
edges of the conduction and valence bands, respectively. ∆EC and ∆EV 
denote the conduction and valence band offsets between a-Si:H and c-Si [24].  
To maintain this band structure between a-Si:H and c-Si, the deposition 
temperature needs to be carefully controlled. When the deposition 
temperature is beyond 300 °C, the intrinsic a-Si:H passivation layer would 
change to a microcrystalline silicon (μc-Si:H) film [25]. The bandgap energy of 
μc-Si:H is similar to that of c-Si, which diminishes the effect of the bandgap 
offset at the interface between c-Si and the passivation layer. Temperature 
influences are introduced during the deposition processes of the a-Si:H layers, 
the TCOs, and also during the formation of the metal grids. Therefore, for 
each fabrication step, the process temperature is strictly limited to below 
250 °C. Low fabrication temperatures reduce the thermal budget in the 
production of the solar cells and at the same time simplify the design of high-
throughput production equipment [2]. Besides the advantage of high 
conversion efficiency and low processing temperature, the HET solar cell 
uses a shorter processing time compared to conventional silicon wafer solar 
cells, as illustrated in Figure 1–4 [2].  






Figure 1–4 Thermal budget and process time for conventional c-Si solar cell 
technology (top curve) and HET cell technology (bottom curve) [2].  
1.2 TCO in HET solar cells 
Owing to the poor lateral conductivity of doped a-Si:H layers, TCO layers are 
used to transport the charge carriers to the device terminals. The lateral sheet 
resistance of TCO layers needs to be sufficiency low (< 100 Ω/□), so as to 
avoid deteriorating the fill factor of the solar cell, while the front side TCO 
layer must have a large bandgap to allow most of the light to transmit through 
without diminishing the solar cell current [12]. For degenerate materials like 
TCOs, the antagonistic properties of the conductivity and transparency make 
it challenging to achieve both high conductivity and high transparency at the 
same time. As a trade-off, TCO films with moderate carrier concentration and 
high carrier mobility are preferred, which provides good conductivity and 
ensures low parasitic light absorption by free electrons [26]. Another 
challenge is to obtain conductive TCO films at a relative low temperature. It is 
reported that most TCO materials have better properties when deposited at 
temperatures above 250 ºC [27].  





Besides functioning as electrodes, the front surface (illuminated side) TCO 
layer also provides anti-reflection properties. Since solar radiation peaks at 
about 600 nm, a front ITO thickness of 70 to 85 nm is used to achieve a 
minimal surface reflection at 600 nm, by making use of destructive 
interference. Destructive interference reduces the reflected light intensity and 
thereby maximises the optical transmission into the solar cell. The thickness 
of the anti-reflection coating (ARC) is crucial, as an inappropriate thickness 
can significantly increase light reflection at the surface. Figure 1–5 shows the 
scenarios of desirable destructive interference [Figure 1–5(a)] and undesired 
constructive interference with an inappropriate film thickness [Figure 1–5(b)].  
 
Figure 1–5 The mechanism of ARC used in solar cell devices: (a) 
destructive interference (desirable); (b) constructive interference (undesirable).  
Former studies revealed that the work function of a TCO layer is important in 
determining the contact barrier height at the TCO/p-type a-Si:H interface [26]. 
As shown in Figure 1–6, the optimum work function of TCO is 5.2 eV when 
contacting the p-type a-Si:H film [28], while an TCO film with a work function 
of 4.3 eV is sufficient for contacting the n-type a-Si:H [29]. When the work 
function of the TCO layer is below the optimal value, an undesirable band 





bending exists at the TCO/p-type a-Si:H interface which traps charges, 
reduces the carrier conduction efficiency and the built-in potential, and thus 
the efficiency of the HET solar cell [25, 30]. Some researchers proposed the 
use of a doped μc-Si:H film to replace the doped a-Si:H layer, so as to reduce 
the Schottky barrier height as well as the contact resistance with the TCO 
layer. HET solar cells using doped μc-Si:H films were reported to have 
efficiencies of around 20% [31, 32].  
 
Figure 1–6 Band diagram of a HET solar cell structure. At the left side the 
band bending at the edge between the TCO and the p-type a-Si:H is 
magnified for the case of a TCO work function of less than 5.2 eV [28].  
Given the above requirements, only TCO films with excellent optoelectrical 
properties are suitable for HET cells. The most used TCO material in HET 
solar cells is ITO. ITO films are shown to provide good antireflection 
properties and lateral conductivities in HET solar cells [23]. Due to the 
increased price and the scarcity of indium, there is a growing trend of using 
more cost-effective TCO material. Aluminium-doped zinc oxide (AZO) is one 
of the best known cost-effective TCO materials that have been widely used in 





thin-film solar cell structures [33]. However, there are a few drawbacks of 
AZO which limit its use in HET solar cells. Firstly, the resistivity of AZO films 
is extremely thickness dependent; a low film resistivity can only be achieved 
beyond a certain minimum thickness [32, 33]. The thickness dependent film 
resistivity is likely to be associated with the film crystallinity, as a high 
crystallinity can only be achieved in thicker AZO films [34]. AZO films less 
than 100 nm thick were also reported to have very unstable film resistivity [35]. 
Therefore, to apply AZO in HET solar cells, either a thick layer with low optical 
transparency or a thin layer with poor electrical conductivity can be used, 
which both affect the cell efficiency in a negative way. Secondly, the bandgap 
energy of AZO (3.3 eV) is also lower than that of ITO (3.8 eV) [36]; this 
narrows the light transmission window of HET cells using AZO. Moreover, 
AZO has a smaller work function (3.1–4.5 eV) than ITO (3.6–5.3 eV) [37, 38]. 
Therefore a larger band bending will be formed at the interface between the 
AZO layer and the p-type a-Si:H film. In addition, according to Ellmer et al. 
[39], the density of trap centres in AZO films is almost one order of magnitude 
higher than in ITO film, therefore the carrier mobility of ITO is more stabilised 
with respect to the carrier concentration. Lastly, the long-term stability of AZO 
is not as good as that of ITO, as can be seen from the damp-heat induced 
degradation, which could limit the technical lifetime of the solar modules [40]. 
Based on the above discussions, although AZO is quite cost-effective and 
advantageous to further reduce the cost of PV electricity, it is challenging to 
provide competitive performance comparing to ITO, therefore for the time 
being it is not within the scope of this thesis.  
1.3 Thesis motivation and objectives 
ITO films can be obtained via various growth techniques, including magnetron 
sputtering [41, 42], evaporation [43], pulsed laser deposition [44], chemical 





vapour deposition [45], and the sol-gel method [46]. Magnetron sputtering 
uses accelerating ions to bombard the material target, while the ejected 
atoms from the target are deposited on the substrate. It is the most widely 
used deposition method for high-throughput and uniform ITO depositions in 
the semiconductor industry [47, 48] and for large-area PV devices, such as 
HET solar cells [41, 42, 48, 49].  
The ITO films investigated in this thesis were deposited by the sputtering 
method. The sputtering conditions are known to have a great impact on the 
electrical and optical properties of ITO films [42, 50, 51]. The influences of the 
deposition parameters, such as power, chamber pressure, substrate 
temperature, oxygen/hydrogen gas partial pressure [47, 52, 53] and post-
deposition treatment [54-57] have been extensively studied in the literature. In 
order to better understand the mechanisms responsible for the properties of 
ITO films, researchers have investigated the elemental compositions and 
microstructures of the ITO films by using techniques such as XPS [58, 59]. 
The investigations of ITO blackening/darkening [58, 60], oxygen [59, 61] or 
hydrogen [62, 63] influence on the chemical composition and the conduction 
mechanism of the ITO films [64, 65] have been discussed, however, the 
detailed mechanism(s) has/have not yet been fully revealed. In this thesis, the 
above issues are re-addressed by means of high-resolution XPS. In addition 
to the investigation of the ITO material properties, the optimised ITO films are 
applied in HET solar cells, and the influences of the ITO deposition 
parameters on the performance of the fabricated HET solar cells are 
investigated.  
In PV it is not sufficient to focus only on the state-of-the-art materials. The 
request for more conductive electrodes drives current researchers to look out 
for other novel materials/structures. In this thesis, a detailed study on a 





promising candidate for future transparent conductive electrodes is carried 
out. The novel material is a self-assembly nanoparticle mesh, patented in the 
name SANTE® (Self-Aligning Nano Technology for Electronics film) [66, 67]. 
This technology was developed by Cima NanoTech in 2002. The SANTE 
mesh has a sheet resistance below 5 Ω/□ and 90% transparency in the visible 
range of the solar spectrum. It can be formed via either the spray coating 
method (mass production) or the Meyer rod coating method (laboratory). A 
hybrid structure formed by superimposing a TCO layer with a SANTE mesh is 
proposed in this thesis for application in HET solar cells. The hybrid structure 
is shown to have excellent electrical and optical performance and is 
demonstrated to be a promising candidate for a high-performance conductive 
and transparent electrode.  
The overall objective of this thesis is to develop industrially feasible 
transparent conductive electrodes for HET solar cells. The following aspects 
are studied in detail:  
 Study the influence of deposition parameters and annealing induced 
changes in the ITO films deposited by the PDC and the URF 
magnetron sputtering methods;  
 In-depth analysis of ITO thin films by means of XPS, based on which 
the darkening effect of ITO, the influences of deposition power and 
chamber gas ambient are explored and elaborated;  
 Investigation of the influence of ITO properties and the sputter induced 
damages on the performance of the HET solar cell structures;  
 Identification of the major loss mechanisms in the fabricated HET 
solar cells by using the optimised ITO deposition conditions. Quantify 
the contribution of different loss mechanisms to losses in the FF and 
the EQE;  





 Fabrication and characterisation of the novel TCO/SANTE hybrid 
structure. Demonstrate the potential of this structure to improve the 
efficiency of HET solar cells.  
1.4 Thesis outline 
There are seven chapters in this thesis.  
Chapter 2 discusses the background information of ITO material, including 
the introduction of the deposition methods and information on fundamental 
material properties and characterisation technologies involved in this thesis. 
Chapter 3 discusses the influence of deposition parameters and annealing 
conditions for samples deposited with the PDC and URF sputtering methods. 
The optimised ITO deposition recipes developed in this chapter are the base 
for the detailed ITO investigations in Chapters 4 and 5. Chapter 4 presents 
the main results obtained from a detailed XPS investigation. Based on the 
analysis of the XPS results, the darkening effect of ITO as well as the 
influences of the deposition power and the chamber gas ambient is explored 
and elaborated. Chapter 5 investigates the influence of the ITO deposition 
process on the electronic surface passivation properties of a-Si:H films and 
the performance of HET solar cells. The characteristics of HET solar cells 
fabricated with different ITO deposition conditions are presented and 
discussed in this chapter. Chapter 6 investigates the electrical and optical 
properties of the SANTE film and the TCO/SANTE hybrid structure. Finally, 
Chapter 7 summarises the results obtained in this thesis and proposes some 
possible future work to further improve the performance of the HET solar cells.  
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2 Background Information 
 
2.1 Fundamentals of ITO 
As discussed previously in Chapter 1, ITO benefits from its two main 
properties, its electrical conductivity and optical transparency [1]. The front 
ITO layer in HET solar cells is crucial in transporting electrons out to the metal 
grid and reducing light reflection at the front surface, thus it is required to fulfil 
the following requirements: 1) The ITO film needs to be highly transparent to 
reduce optical losses; 2) The thickness of the ITO film needs to be optimised 
to provide the best antireflection coating (ARC) properties; 3) The ITO film 
needs to be highly conductive to provide good lateral conduction of the 
charge carriers; 4) The ITO film needs to establish an ohmic contact with the 
metal grid and have a good band alignment with doped a-Si:H films; 5) The 
ITO deposition temperature needs to be below 250 °C to prevent intrinsic a-
Si:H from changing its phase [2]; and 6) The ITO deposition process needs to 
be carried out at low powers, to minimise the sputter induced damage and to 
maintain the passivation quality provided by the intrinsic a-Si:H film. Given the 
above requirements, it is important to gain a good understanding of the 
material properties, the deposition process and the thin-film growth 
mechanisms of ITO films.  
ITO films are often deposited by magnetron sputtering from ceramic targets 
which are made by pressing and sintering oxide powders pre-mixed with 
doping elements in a certain weight ratio. The most widely used ITO ceramic 





target is a solid solution of 90 wt.% indium oxide (In2O3) and 10 wt.% tin oxide 
(SnO2) [3]. ITO films inherit the structure of In2O3 which has 80 atoms in the 
unit cell of a bixbyite crystal structure [4, 5]. Each unit cell contains 16 formula 
units of In2O3; indium atoms occupy Wyckoff positions of 8b and 24d, while 
oxygen atoms occupy Wyckoff positions of 48e [6].  
2.1.1 Electrical properties 
In the crystal structure of ITO, two oxygen atoms are missing from each cube, 
either along a face or a body diagonal, resulting in two types of In sites [7]. 
The conduction ability of ITO is contributed by free electrons from intrinsic 
oxygen vacancies (Vo**) [8] and doped tin atoms (SnIn*) [9], as expressed in 
Eqs. 2.1 and 2.2 (* for positive and ′ for negative effective charge):  
x *In 2 In 2 3 2
1
2
2In +2SnO 2Sn +In O + O +2e' ,                     (2.1) 
x **o 2 o
1
2
O O +V +2e' .                                    (2.2) 
Since doped tin atoms are similar in weight and radius to the host indium 
atoms, it is easy for a tin atom to replace an indium atom. Equation 2.1 
describes the direct doping of Sn atoms by substituting an In site (In3+) in the 
sublattice. Each ionised Sn atom (Sn4+) contributes one free electron. Due to 
the complex material structure and bonding conditions between the 
composing element, ITO tends to lose oxygen in gas form, by which oxygen 
vacancies are created and each contributes two free electrons as shown in 
Eq. 2.2. The concentration of oxygen vacancies, which is quite influential on 
the electrical and optical properties of ITO films, can be adjusted by tuning the 
oxygen gas concentration during deposition. When oxygen gas is insufficient, 
non-stoichiometric film is formed which reduces the electron mobility; low 
electron mobility is also observed when oxygen gas is redundant: the excess 





oxygen atoms tend to accumulate at the grain boundaries and act as electron 
scattering centres [10].  
In some situations, a self-compensating reaction happens which leads to the 
formation of neutral Sn:Oi associates involving oxygen interstitials (Oi), as 
shown in Eq. 2.3 [11]. These Sn:Oi associates do not contribute free electrons; 
instead, they produce neutral scattering centres which reduce the electron 
mobility. The neutral Sn:Oi associates can be reactivated in a reducing 
atmosphere, as shown in Eq. 2.4. Besides oxygen interstitials, cation 
interstitials, namely In interstitials and Sn interstitials, are shallow donors in 
the ITO films [12].  
x * '' x
In 2 In i 2 32In +2SnO (2Sn O ) +In O .                          (2.3) 
* '' x *In i In 2
1
2
(2Sn O ) 2Sn + O +2e' .                             (2.4) 
The conductivity (σ) of ITO is determined by both the free carrier (i.e. electron) 
concentration (NC) and the electron mobility (μC), as shown in Eq. 2.5. The 
electron mobility is proportional to the time between collisions which is around 
5×10-15 to 1×10-14 s in TCO materials (where me* is effective electron mass 
and q is the elementary charge) [1].  




q N q N q N .                   (2.5) 
Guided by Eq. 2.5, a conductive ITO film can be achieved by either a high 
free carrier concentration or a high free carrier mobility. Normally, the carrier 
concentration of ITO film is in the range of 1019–1020 cm-3 and the electron 
mobility is around 30 cm2V-1s-1. Heavily doped ITO films have several 
drawbacks. Firstly, ionised dopant atoms act as scattering centres which 





reduce the electron mobility. Secondly, phase separation may occur when the 
impurity concentration exceeds the solubility limit (which is around 6% for Sn 
in ITO [13]). Moreover, a high electron concentration can cause severe light 
absorption in the long-wavelength range [11, 14].  
The electron mobility of ITO films (and other TCO materials) is determined by 
several scattering mechanisms [1], namely ionised impurity scattering (μi), 
lattice vibration scattering (μl), grain boundary scattering (μg), neutral impurity 
scattering (μn) and, to a small degree, electron-electron scattering [11]. These 
fundamental scattering processes determine the electron mobility in TCO 
materials, as follows:  
    
   
1 1 1 1 1
e i l g n
.                                  (2.6) 
The dominant mechanisms that limit the carrier mobility in TCO materials are 
ionised impurity scattering and grain boundary scattering [15], which is 
illustrated in Figure 2–1. As reported in the literature [16, 17], due to the 
relatively low density of traps near the grain boundaries in ITO films, electron 
scattering near grain boundaries is not a significant effect.  
 
Figure 2–1 Sketches of (a) grain boundary scattering and (b) ionised 
impurity scattering in TCO materials.  





2.1.2 Optical properties 
For a typical silicon wafer solar cell, light of wavelengths from 350 nm up to 
the silicon absorption edge (around 1200 nm) is considered as the effective 
light spectrum. Photons with energy in this range will be converted into 
electricity by the solar cell if the light-generated charge carriers do not 
recombine before they are collected by the electrode contacts. ITO has a 
wide bandgap of about 3.7 eV [18], giving an absorption edge at around 350 
nm. Beyond the absorption edge, the majority of the light is transmitted 
through the ITO layer. Since the effective light spectrum of silicon lies within 
the highly transparent spectral range of ITO, only a small fraction of the 
incoming light is lost (by absorption) in the ITO layer. Typical transmission, 
reflection and absorption spectra of an 80 nm thick ITO film on glass 
measured in different wavelength regions [ultraviolet (UV), visible (Vis) and 
near-infrared (NIR)] are shown in Figure 2–2.  
 
Figure 2–2 Typical transmission, reflection and absorption spectra of an 
ITO-on-glass sample in the wavelength range of 250–1500 nm.  
In the UV range, high-energy light is absorbed by the ITO film, which results 
in low light transmission. From the visible range up to 1100 nm, the 
transmission of ITO is above 80%. This region contributes to the vast majority 





of the energy conversion in a c-Si solar cell. In the NIR region, the optical 
properties of ITO are greatly influenced by free electrons, which results in an 
increased light absorption [1, 19]. After the measurement of reflectance (R) 
and transmission (T), the absorption (A) of the sample can be calculated 
based on Eq. 2.7: 
  1A T R .                                           (2.7) 
For heavily doped semiconductors, such as ITO, when free carriers from 
dopant atoms fill the lowest states in the conduction band, the absorption 
edge of the material is pushed to a higher energy. This phenomenon normally 
happens in degenerate semiconductors and is known as the Burstein-Moss 
effect [19]:  
BM
g g0 g= +E E E ,                                         (2.8) 
where Eg is the optical bandgap of the degenerate semiconductor, Eg0 is the 
intrinsic bandgap of a semiconductor of which the carrier density is zero, and 
ΔEg
BM is the energy shift caused by the Burstein-Moss effect.  
A simplified energy diagram of In2O3 before and after tin doping is shown in 
Figure 2–3. The Burstein-Moss effect results in a gain of bandgap energy 
from 2.9 eV for In2O3 to 3.7 eV for ITO [15]. The increased bandgap of ITO 
pushes the light absorption edge to a shorter wavelength (350 nm or below), 
which widens the light transmission window and improves the light 
transmission [19]. 






Figure 2–3 Schematic band structure of (a) In2O3 and (b) ITO. The high 
doping concentration of the ITO fills the lowest states in the conduction band 
so that the optical gap is widened by the Burstein-Moss shift ∆Eg
BM.  
2.1.3 Deposition methods and thin-film growth 
ITO is commonly deposited by the sputtering method, which is normally 
performed in a vacuum chamber using argon (Ar) gas [18]. The target is 
mounted on the cathode, with a high applied voltage between the cathode 
and the substrate holder. This high voltage between the substrate and the 
target causes a self-sustaining glow discharge and partially ionises argon 
atoms. The mixture of argon gas, argon ions and electrons is known as a 
plasma [20]. Plasma particles undergo both elastic and inelastic scattering 
events in the processes of excitation, ionisation, relaxation and recombination, 
during which energy is transferred between the particles [21]. Driven by the 
negative bias applied to the sputtering target, the Ar ions (Ar+) are 
accelerated towards the target surface. The bombarding process ejects 
atoms from the target, which then spread across the volume of the vacuum 
chamber and thereby leads to the deposition of a thin film on the substrate. 
The sputtering target can be either a ceramic target with fixed ratio of metal 
oxides or a metallic target (or an array of different metallic targets). Using an 





oxygen rich ambient, metallic targets enable the deposition of various metal 
oxide films via reactive sputtering, whereby the doping concentration can be 
tuned by changing the sputtering parameters [22]. A schematic of the 
sputtering process is shown in Figure 2–4.  
 
Figure 2–4 Schematic of sputtering process.  
In conventional sputtering methods, the ionisation efficiency from the 
energetic collisions between the electrons and gas atoms is low; due to which 
most of the electrons lose their energy halfway by non-ionising collisions or 
are collected by the anode. Therefore, only limited argon atoms are ionised 
which results in a low sputtering yield. In addition, since relatively high 
pressure (~ 1 mTorr) is required to maintain the discharge, it gives rise to an 
unwanted thermalisation of the low-energy sputtered atoms from the target 
[23]. This effect gives rise to an increased defect density as higher energy 
species still reach the coating surface. The intense particle bombardment also 
causes a substantial heat load, which is unwanted in many applications.  
Magnetron sputtering, being the state-of-the-art sputtering method, applies a 
magnetic field to confine electrons close to the target surface [3]. The 





magnetron sputtering method ensures good film uniformity at high deposition 
rate, hence enables high-throughput production. The schematic of magnetron 
sputtering is shown in Figure 2–5. Magnetron sputtering can be classified 
according to the type of power supply: direct current (DC), medium frequency 
(MF) and radio frequency (RF). Variants like pulsed-DC (PDC) magnetron 
sputtering and unbalanced RF (URF) magnetron sputtering are also widely 
used in research and industry [24, 25].  
 
Figure 2–5 Schematic of magnetron sputtering process.  
Depending on the resistivity and properties of the target material, different 
types of cathode are used in TCO depositions, such as planar magnetron, 
cylindrical magnetron, dual planar magnetron and dual cylindrical magnetron. 
The DC excitation mode is capable to use all types of cathodes, while only 
the planar magnetron is well suited in a sputter tool with the RF excitation 
mode [11]. The cylindrical magnetron (same applies for dual cylindrical 
magnetron) uses a rotating cylindrical target so that the entire surface of the 
target will be eroded uniformly, which increases the target utilisation and 
ensures a longer running time. Currently, the planar magnetron is still the 





most widely used cathode in the lab and industry. The operation principle of a 
planar magnetron cathode is shown in Figure 2–6. The Lorentz force, which is 
the force exerted by a magnetic field on a moving electric charge, increases 
the travelling distance of electrons by causing them to move in a spiral motion 
until they collide with Ar atoms. The resultant magnetic field forms a closed-
loop annular path acting as an electron trap that reshapes the trajectories of 
the secondary electrons ejected from the target into a cycloidal path, which 
greatly increases the probability to ionise more argon atoms within the 
confinement zone and thus improves the sputtering yield [21].  
 
Figure 2–6 Operation principle of a planar magnetron cathode.  
For PDC sputtering, pulsed positive voltage is applied on the sputtering target 
at intervals to prevent the formation of arcs. When arcing occurs at or near 
the target surface, it will cause local melting and damage the power supply 
[26]. Arcing also results in very uneven removal of material from the target 
electrode and formation of particulates due to the accumulation of electric 
charges from the plasma by non-conductive layers. The particulates are 
incorporated into the deposited films, which influences the overall uniformity 
of the thin-film coatings and therefore is not suitable for high-tech thin-film 
applications [27]. The typical voltage sequence used in PDC sputtering 
systems is presented in Figure 2–7. Within a unit cycle time of tcycle, negative 
voltage is applied to the target for a time of ton (‘on-time’), followed by a 





positive voltage for a duration of trev (‘reverse-time’). The dielectric surfaces 
that are charged during the ‘on-time’ will be discharged during the ‘reverse-
time’. The ‘reverse time’ is normally 1/10 of the ‘on time’.  
 
Figure 2–7 Voltage sequence applied in asymmetrical bi-polar PDC 
sputtering.  
Benefiting from the increased magnetic field at the external magnets of a 
magnetron, URF magnetron sputtering systems have extended plasma 
volumes which enables some electrons to reach the substrate [28]. These 
extra electrons reaching the substrate increase the ionic current, allowing 
modification of the surface morphology and obtaining thin-film coatings with 
high density and reduced roughness [29]. The unbalanced magnetron 
technique provides high-purity, well-adhering and uniform coatings on large-
area substrates, in addition to high-density films at low temperature [30]. An 
illustration of the plasma confinement observed in conventional “balanced” 
magnetron and unbalanced magnetron sputtering is displayed in Figure 2–8. 
In a conventional balanced sputtering system, the secondary electrons in the 
magnetic field are well confined to the target region, which increases the 
ionisation efficiency and causes more ion bombardment of the target. The 





substrate is normally located outside of the plasma region, which results in a 
low ion current density of typically less than 1 mA/cm2. The energy of the 
bombarding ions can be further increased by the increase of the negative bias 
applied to the target material. However, this can lead to defects in the film and 
increased film stress, which are both detrimental for most applications. The 
unbalanced magnetron sputtering system, on the other hand, provides a high 
flux (> 2 mA/cm2) of relatively low energy (< 100 eV) ions, which alleviates the 
intrinsic stress within the coating film [31].  
 
Figure 2–8 Schematic illustration of the plasma confinement observed in 
conventional balanced and unbalanced magnetrons [31].  
After target atoms are sputtered off from the target, they are transported 
towards the substrate and finally deposited onto the substrate. Under different 
chamber conditions (e.g. discharge power, argon pressure and deposition 
temperature, etc.), the adatoms will have different kinetic energies [21]. 
Depending on the initial kinetic energy, the adatoms will firstly form small 
islands [Figure 2–9(a)], and then grow to small clusters [Figure 2–9(b)]. 
Afterwards the small clusters combine to form crystalline grains [Figure 2–9(c 
and d)] and finally develop into uniform polycrystalline thin film [Figure 2–9(e)]. 
Higher energy adatoms tend to result in large-sized grains.  






Figure 2–9 Schematics of thin film formation: (a) Adatoms start to form 
small islands; (b) the small islands grow into small clusters; (c) formation of 
small crystalline grains; (d) formation of large crystalline grains; and (e) 
crystalline grains grow into thin film.  
The microstructure of the sputtered thin film relies on its deposition 
parameters. One well accepted theory was proposed by Thornton in 1973 
[32], known as the sputter-zone model. The theory reveals that with the 
change of chamber pressure and deposition temperature, thin film coatings 
will have different microstructures. These microstructures can be classified 
into four zones [21, 33]: 
 Zone 1: At low deposition pressure and temperature, high-density 
fibrous grains are typical in this region. This microstructure with fibrous 
gain is mainly limited by the atoms’ mobility; 
 Zone T: Between Zone 1 and Zone 2, a transition region exists. This 
region is desirable for microelectronics applications; 
 Zone 2: When the substrate temperature is high, the mobility of the 
adatoms increases, thus closely packed columnar grains are formed; 
 Zone 3: When the substrate temperature is around the thin film 
melting temperature, equiaxial grains mainly exist in the film. 
 





2.2 Sputtering systems 
2.2.1 PDC magnetron sputtering system 
A photo of the PDC inline magnetron sputtering system used in this thesis is 
shown in Figure 2–10 (Line 540, FHR Anlagenbau). This system enables high 
productivity deposition and coating of a substrate on large surface areas (30 × 
40 cm2), capable of co-deposition of six 125 × 125 mm2 silicon wafers in a 
single run. The frequency of the DC power is 50 kHz, so that the unit cycle 
time is 20 μs. The reverse-time which has a positive voltage is set as 4 μs for 
best system performance. The system contains two process chambers, one 
for the deposition of metals and one for TCOs. Cylindrical dual magnetron 
AZO and planar ITO targets are equipped in the TCO chamber. The ITO 
planar target has a dimension of 54 × 9 cm2, which is located 8 cm away from 
the substrate. The ITO chamber contains a group of heaters which can reach 
up to 500 °C, resulting in a maximum substrate temperature of around 350 °C 
by radiative heating.  
 
Figure 2–10 Photo of the PDC magnetron sputtering system (FHR, Germany) 
used in this work. 
Prior to sputtering, the samples were attached to a sample insert and 
transferred in a vertical position into the sputtering chamber through the load-
lock chamber. Mass flow controllers (MFCs) of individual gas lines of oxygen 





(O2), Ar and nitrogen (N2) are used to control the gas flow rates. When the 
desired chamber ambient is reached and stabilised, the plasma is excited. 
After a short pre-sputter to clean the target surface, the carrier then moves in 
and travels between of the predefined positions (300 mm to either side where 
the centre of target is positioned as 0) to deposit ITO films dynamically. The 
schematic drawing of the PDC sputtering system is shown in Figure 2–11.  
 
Figure 2–11 Schematic of the PDC sputtering tool. 
2.2.2 URF magnetron sputtering system 
The URF magnetron sputtering tool (UBM tool, Nanofilm) investigated in this 
work is illustrated in Figure 2–12. This tool contains two chambers, one 
process chamber and one load-lock chamber. In the process chamber, three 
target loading positions are available, two of which are powered by RF 
sources for TCO depositions, while the other slot is used for DC sputtering of 
metal layers. The target used in this system is a 4-inch round planar target. 
The system heater is located under the substrate holder (contact heating), 
which can effectively heat the sample substrate up to 700 °C. During the 
deposition, the sample substrate holder keeps rotating at a low speed to 
improve coating uniformity. 






Figure 2–12 Photo of the URF magnetron sputtering system (UBM, NIT, 
Singapore) used in this work. 
Before deposition, the process chamber is pumped down to a high vacuum 
environment (< 5 mTorr). Six inch round substrate holder is used in this 
system, with which the samples can be loaded into the process chamber via a 
robot arm. After loading the samples into the process chamber, gas valves 
are opened to let in the process gases. Separate gas lines of Ar, O2 and 
hydrogen-diluted Ar (5% H2 + 95% Ar) are included in this system. When a 
stable gas environment is achieved, the pumping system is activated to adjust 
the chamber pressure to the pre-defined level. The substrate rotation and 
heating (if necessary) are then switched on, followed by the excitation of the 
plasma. After the plasma is stabilised, the substrate shutter is opened and the 
actual deposition starts. A simplified schematic of the system is displayed in 
Figure 2–13. 






Figure 2–13 Schematic of the URF sputtering tool. 
Due to the increased ion charges generated in the URF magnetron sputtering 
system, a much higher current density and a lower target voltage are 
obtained compared to PDC system at the same power density. The higher 
target voltage in the PDC sputtering method enables a much higher 
deposition rate than for the URF sputtering method. For example, at the 
power density of 1.2 W/cm2, the deposition rate of PDC is six times faster 
than that of the URF system. The target voltage and current density at 
different power densities in both systems are summarised in Figure 2–14.  
 
Figure 2–14 Target voltage and current density of the PDC and URF 
sputtering methods at different power densities. 
 





2.3 Thin film characterisation methods 
2.3.1 Thickness measurement 
For easy characterisation of ITO thin films, glass plates (125 × 125 mm2) 
were used as substrates. The glass plates were cleaned in isopropanol 
alcohol (IPA), then acetone and then deionised (DI) water, using an ultrasonic 
bath for 10 minutes in each case. The substrates were then dried in a 
nitrogen environment at 80 ºC for 30 minutes.  
The thickness of the ITO film is obtained via either a stylus profiler (Dektak 
150, Veeco) or through optical modelling using ellipsometry data. For stylus 
profiler measurements, the cleaned glass substrate is taped in an area of 
about 5 mm × 2 cm by a strip of Kapton tape (DuPont, USA) before ITO 
coating. The taped region creates a step with the non-taped region after ITO 
deposition, which is ideal for thickness measurement. The stylus profiler is 
capable to measure film thicknesses above 100 nm, while for thinner films the 
accuracy is unreliable. The other thickness measurement method is by 
means of ellipsometry (SE-2000, Semilab). This is a non-contact and non-
destructive measurement technique for investigating the dielectric properties 
of thin films. It is very sensitive to changes in the optical response, and thus it 
has higher accuracy for thinner films than a stylus profiler. Therefore the 
ellipsometry method can be used for ITO samples with coating thickness of 
less than 100 nm [34]. 
For ellipsometry measurements as shown in Figure 2–15, the light source is 
an incident radiation with a known polarisation state (s- and p- polarised 
lights). After interacting with the sample (including both the coating film and 
the substrate), a change of polarisation is detected. The polarisation changes 
can be quantified by the amplitude ratio (Ψ) and the phase difference (∆). By 





optical modelling, the best fit with respect to the measurement results can 
produce useful information about the coating film, such as composition, 
thickness, crystalline nature, doping concentration and electrical conductivity 
and other material properties. ITO is normally modelled by using Tauc-
Lorentz and Drude models, which represent the interband transition and the 
free carrier absorption [34, 35], respectively. 
 
Figure 2–15 Schematic of setup and principle of ellipsometry measurement.  
2.3.2 Measurement of electrical properties 
The sheet resistance (Rsheet) of the ITO coated samples is measured by a 
four-point-probe (4PP). Three different tools are used within this thesis, two 
manual single point 4PPs, and a mapping 4PP with multiple measurements. 
The manual 4PP (RM3-AR, Jandel) with sharper tips separated by 1 mm is 
used for thin-film measurements. The other manual 4PP (Loresta-GP MCP-
T610, Mitsubishi) equipped with ESP-type probes is used for measuring films 
with mesh structures, of which the diameter of the inter-pin is around 2 mm 
and the four inter-pins are separated by 5 mm. A mapping 4PP (CMT-
SR2000N-PV, AIT) is used for uniformity checking and resistivity mapping 
purposes. The schematic drawing of a 4PP measurement is illustrated in 
Figure 2–16. A linear array of four equally spaced tips is used to contact the 





sample surface. A constant current (I) from a current source is passed 
through the outer probes, while the voltage (V) is measured by the two inner 
probes to eliminate the influence of contact resistances and probe resistances. 
The sheet resistance of large samples (much wider than the probe spacing d) 
can then be calculated from the measured I, V data, using the geometrical 
correction factor of 4.532 [36]: 




   □).                                  (2.9) 
 
Figure 2–16 Schematic of a four-point-probe measurement tool. 
After obtaining Rsheet, the resistivity (ρ) of the film can be calculated as follows: 
  sheetR t ,                                         (2.10) 
where t is the film thickness.  
The carrier concentration and mobility of TCO films are measured by a Hall 
effect measurement tool (HL5500 Accent Hall System, BioRad Laboratories) 
using the van der Pauw method, as shown in Figure 2–17. Hall measurement 
samples are prepared as 1 cm wide squares with indium contacts soldered at 
each corner. During the measurement, the sample is probed at the four 
corners to form current conduction paths within the tool. Injected current (I) 
passes through probes 1 and 3, when a magnetic field B (z-axis, 0.32 T) is 
applied perpendicular to the direction of current flow (y direction, i.e. electrons 





flowing into the negative y direction). The electrons experience the so-called 
“Lorentz force” (x direction) which forces them onto a curved path as they 
pass through the film. The net result is a build-up of negative and positive 
charges, respectively, on the front and back cross-sections of the film as 
shown in Figure 2–17, leading to a measurable voltage between probes 2 and 
4. The voltage increases until a steady-state situation (Hall voltage) will 
establish itself where the Lorentz force equals the electric field force.  
 
Figure 2–17 Sample geometry for the van der Pauw method (left) and the 
schematic principle of Hall effect measurements (right).  
In order to remove the thermal electric and misalign voltages and improve the 
measurement accuracy, current reversal in between of two diagonally 
positioned contacts with both positive and negative magnetic field are applied. 
The averaged established electric field (average value of four measurements) 
is called the Hall field. The Hall voltage (VH) can be obtained as follows (a 
positive value indicates a p-type doping and negative indicates an n-type) [37]: 
  
 13 31 24 42H
8
V V V V
V ,                              (2.11) 
where V13 is defined as the Hall voltage difference when applied with positive 
and negative magnetic field across probes 1 and 3. The V31, V24 and V42 are 
defined in the same way. 





With the overall Hall voltage, carrier density (nC in cm
-2) and mobility (μC) can 
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The Rsheet and carrier concentration (NC in cm
















 .                                          (2.15) 
where f is a factor that deviates slightly from unity as the resistance ratio 
between each diagonal probes deviates from unity, and t is the film thickness. 
I12 is the current flow between probes 1 and 2 (same applies for I23), V43 is the 
measured voltage across probes 4 and 3 (same applies for V14).  
2.3.3 Measurement of optical properties 
Optical properties of ITO films can be measured with a spectrophotometry 
(UV/Vis/NIR, Lambda 1050, PerkinElmer). Spectrophotometry gives 
information of how light interacts with a sample as a function of wavelength. 
The spectrophotometry used in this research is able to provide information in 
the UV region (200–390 nm), visible region (390–700 nm) and NIR region 
(700–2500 nm). A rough estimation of the coating layer transmission can be 
obtained when a bare glass pane is inserted in the reference cuvette during 
the measurement. The measurement beam is transmitted through the coating 
side of the ITO-glass sample, as illustrated in Figure 2–18. Besides 
UV/Vis/NIR spectrophotometry, haze meters (Haze-gard plus, BYK-Gardner; 
NDH 5000, Nippon) are used to measure the integrated average visible 





transmission in the wavelength range of 380–780 nm. The visible 
transmission is used to compare between different samples in the 
optimisation stage of the ITO deposition process.  
 
Figure 2–18 Schematic of UV/Vis/NIR spectrophotometry. 
Besides transmission and reflection spectra, the optical performance of the 
thin film can be represented by the weighted average transmission (WAT) 
and the weighted average reflection (WAR). The WAT and WAR can be 
calculated using the standard air mass (AM) 1.5G solar spectrum defined by 
the International Electrotechnical Commission (IEC), as follows: 




















,                             (2.16) 




















.                         (2.17) 
where R(λ) and T(λ) are the wavelength dependent reflection and 
transmission, NAM1.5 is the photon flux of the incident solar radiation (given in 
the unit of Wm-2nm-1). 
 





2.3.4 Topography and interface analysis techniques 
Atomic force microscopy (AFM) is a non-destructive measurement which 
provides three-dimensional high-resolution surface images by measuring the 
attractive or repulsive forces between the probe tip and the sample surface. It 
uses an optical detection system in which the sharp tip is attached to a 
reflective cantilever. When the tip is moving on the contour of the surface, the 
reflected laser beam will be deflected. The vertical deflection of the cantilever 
is recorded by a position-sensitive detector. After the measurement, the 
recorded information can be presented as an AFM picture which provides 
information on the surface morphology of the sample. The AFM instrument 
used in this thesis is Dimension 3100, Veeco. The principle of AFM 
measurements is schematically shown in Figure 2–19.  
 
Figure 2–19 Schematic of the principle of AFM measurements. 
There are three basic modes used in AFM operation: contact mode, non-
contact mode and tapping mode. The contact mode is a static mode while the 
non-contact mode is dynamic. The tapping mode is a vibrating mode where 
the cantilever is driven to oscillate up and down in amplitude of 100 to 200 nm, 
therefore the tip only “taps” on the surface occasionally. The tapping mode 
reduces the damage to the tip and the sample surface compared with the 
contact mode; therefore it is the most widely used measurement mode for 
rigid materials like TCOs.  





Generally, sputtered ITO samples have smooth surfaces with low root mean 
square roughness below 5 nm [38]. Figure 2–20 shows the surface 
morphologies of ITO films with low [Figure 2–20(a)], medium [Figure 2–20(b)] 
and high [Figure 2–20(c)] film crystallinity (on an area of 500 × 500 nm2). It is 
noticed that the surface textures become larger and more regular with 
increasing film crystallinity, and that this trend is accompanied with increasing 
surface roughness.  
 
Figure 2–20 AFM images of the ITO films with (a) low, (b) medium and (c) 
high film crystallinity. The surface roughness is given in the top right corner of 
each image. 
The topography of ITO samples can be observed by field emission scanning 
electron microscopy (FESEM, Auriga-39-35, Zeiss). FESEM (represent as 
SEM in the following) is an electron microscope method that produces images 
of a sample by scanning it with a focused beam of electrons. The most 
common SEM mode is detection of secondary electrons emitted by atoms 
when excited by the electron beam. By scanning the surface and detecting 
the secondary electrons, the topographic image of the sample surface is 
constructed. SEM samples are normally mounted on the sample stage. For 
non-conducting samples like glass, conductive copper tape and silver paste 
are normally used to electrically ground the sample, to prevent the 
accumulation of electrostatic charges on the sample surface. The used 
instrument typically operates with an electron beam energy in the range of 2–





5 keV, at a magnification from 10x to 300,000x. A schematic drawing of the 
used SEM setup is illustrated in Figure 2–21. 
 
Figure 2–21 Schematic of SEM setup. 
Transmission electron microscopy (TEM, Jeol 2010f) is a microscopy 
technique in which a beam of electrons is transmitted through an ultra-thin 
specimen, interacting with the specimen as it passes through. It has higher 
resolution than a SEM, therefore it is used to provide more detailed 
information, especially near the interface region between two different 
materials.  
2.3.5 X-ray diffraction measurement 
X-ray diffraction (XRD) is a powerful non-destructive diagnostic tool in 
addressing issues related to the crystal structure of bulk solids, including 
lattice constants and geometry, identification of material phases and film 
structure properties of these phases. XRD tool (D8 venture, Bruker) with Cu 
Kα radiation ( = 1.540562 Å) was used in this work. The scan speed is fixed 
at 1º/100 s, at a step size of 0.02º. ITO samples are scanned in a 2θ range 
from 15º to 75º.  





The principle of XRD measurements is based on Bragg’s Law, as shown in 
Figure 2–22. When an X-ray beam irradiates the crystal surface at certain 
angles of incidence, planes of atoms cause X-ray beams to be scattered. For 
a given lattice plane spacing d, constructive interference will happen for 
particular angles of incidence of the X-ray beam, resulting in diffraction peaks.  
 
Figure 2–22 Principle of XRD measurements based on Bragg’s Law. 
The condition for constructive interference is given by Bragg’s Law: 
   hkl hkl2 (sin )n d ,                                   (2.18) 
where n is known as the order of the reflection,  is the X-ray wavelength, dhkl 
is the d spacing of the (hkl) planes and θhkl is the Bragg angle at (hkl) planes. 
The schematic illustration of XRD measurements is shown in Figure 2–23. 
For θ-2θ scan [as shown in Figure 2–23(a)], the incidence of X-ray must be at 
the Bragg angle θhkl, and the reflected intensity is measured by the detector 
as a function of 2θhkl. For a sample measured in the angle range from 0 to θ, 
the reflections are detected over the range of angles from 0 to 2θ. For 
samples with a very thin film coating, grazing incidence XRD [as shown in 
Figure 2–23(b)] is used to maximise the intensity from the thin film surface 
and reduce the influence by the substrate. Small incident angle (1–3º) is used 
and only the detector moves in glazing incidence XRD. For single-crystalline 
material, only one orientation that meets Bragg’s Law will be detected. When 





measuring thick sputter-deposited TCO materials, which are polycrystalline 
(i.e. consist of many grains), normally a distribution of orientations is obtained.  
 
Figure 2–23 Schematic of the XRD measurement tool used in this thesis. 
XRD measurement data can be used to determine the crystallite size (g) via 






g ,                                    (2.19) 
where △(2θ) is the full width at half maximum (FWHM) of XRD peaks (in 
radians), θ is the peak position (in degrees), and k is a constant close to 1.  





The measured XRD patterns of a highly crystallised ITO film are shown in 
Figure 2–24 (a similar pattern was also reported in Ref. [40]). The ITO film 
has a <111> preferred orientation as shown by the strong intensity of the (222) 
peak. The XRD peak intensities of ITO films change with respect to the 
deposition conditions. At higher deposition power and substrate temperature, 
the prepared film tends to have better crystallinity. For crystallised ITO 
samples, the average grain size is typically in the 20–45 nm range [38]. 
 
Figure 2–24 XRD pattern of a highly crystallised ITO thin film. 
2.3.6 XPS measurement 
XPS measurements (Escalab 220i-XL, VG Thermo) use a beam of X-rays to 
irradiate a sample and then measure the ejected electrons’ energies by 
means of a hemispherical energy analyser. The energy analyser functions as 
a band pass filter, by only allowing electrons with a certain kinetic energy to 
pass. The analysis of XPS measurements is presented in the form of a 
spectrum obtained as a plot of the number of detected electrons per energy 
interval versus their binding energy. Since each element of the periodic table 
possesses a unique XPS spectrum, XPS can be used for obtaining chemical 





compound information and analysing chemical bonding states on the sample 
surface. By adding an ion beam inside the XPS tool, it is also possible to 
measure depth profiles by gradually etching off the surface material. The 
schematic diagram of the photoelectron emission process for XPS is shown in 
Figure 2–25.  
 
Figure 2–25 process Schematic of the photoelectron emission in XPS. 
The X-rays in the XPS system are monochromatised Al Kα radiation with a 
photon energy of 1486.6 eV. This energy is high enough to knock out an 
electron from either a core level or a valence level. The knocked-out electrons 
are named ‘photoelectrons’. The kinetic energy (Ekin) of a photoelectron is 
given by:  
  kin BE hv E ,                                     (2.20) 
where h is the Planck constant,  is the frequency of the X-rays, EB is the 
electron binding energy, and Φ is the work function of the investigated 
material. 
Besides identifying chemical elements, XPS can also be used to identify 
chemical states and compositions of the composing elements, by analysing 
the exact peak positions and separations of peaks. The position of the C 1s 
peak is used as a standard (binding energy = 285 eV) to compensate for any 
charge-induced shifts. Due to the spin-orbital splitting, the energy levels in p, 





d and f orbitals become split upon ionisation, leading to vacancies in the p1/2, 
p3/2, d3/2, d5/2, f5/2 and f7/2, which results in XPS doublet peaks for p, d and f 
orbitals (while only a singlet peak is observed for the s orbitals). The 
composition and relative ratio of different states of the same element can be 
quantitatively calculated, by integrating the area under the corresponding 
peak.  
The stoichiometric ratio between the elements can be calculated based on 
the weight percentage of the In2O3 and SnO2, as well as the atomic mass of 
each element. For a ceramic ITO target formed by 90 wt.% indium oxide 
(In2O3) and 10 wt.% tin oxide (SnO2), the stoichiometric ratios of O/In and 
In/Sn are 1.70 and 9.80, respectively. A typical ITO XPS survey scan by using 
a monochromatic Al Kα X-ray source for a binding energy range of 0–1200 eV 
is illustrated in Figure 2–26. The atomic ratios between the elements can be 
determined from the area intensities of the In 3d5/2, Sn 3d5/2 and O 1s peaks. 
The binding energy for In 3d5/2, Sn 3d5/2 and O 1s peaks are typically in the 
range of 442–448 eV, 484–490 eV and 528–534 eV, respectively. The 
detailed fitting method will be discussed in Chapter 4. 
 
Figure 2–26 Survey spectrum of an ITO thin film on glass substrate. 
 





2.4 Solar cell characterisation methods 
2.4.1 Minority carrier lifetime measurement 
Minority carrier lifetime (or, briefly, carrier lifetime) is defined as the average 
time it takes for an excess minority carrier to recombine. It is one of the most 
important parameters of semiconductor wafers used in solar cells. A silicon 
wafer with a long minority carrier lifetime means that light-generated minority 
carriers generated in the bulk will exist for a long time before recombining. 
Generally, silicon wafer-based solar cells with high carrier lifetimes are 
usually more efficient than solar cells made from low-lifetime wafers. Under 
steady-state conditions, for negligible surface recombination rates, the carrier 






,                                            (2.21) 
where ∆n is the excess minority carrier concentration (cm-3) and U is the 
recombination rate (cm-3s-1).  
In actual wafer samples, recombination also occurs at the two surfaces (front 
and rear). In this case, an effective carrier lifetime (eff) is introduced, which 
follows: 
eff b front surface rear surface
1 1 1 1
   
   ,                        (2.22) 
where b is the bulk lifetime, front surface and rear surface are the surface lifetimes 
which are the function of the surface recombination velocities. 
The effective carrier lifetimes of the investigated silicon wafer samples were 
measured by a photoconductance-based lifetime tester (WCT-120, Sinton 
Instruments). In this tester, the minority carriers are generated by a pulse of 





illumination, either by transient illumination (using the transient analysis mode, 
for samples with effective lifetimes > 200 μs) or by quasi-steady-state 
illumination (using the generalised analysis mode for effective lifetimes < 200 
μs). The sensor underneath the sample monitors the decay of the excess 
carriers within the sample. After the measurement, both the effective lifetime 
of the sample as well as the implied open-circuit voltage (implied VOC) under 
one-sun illumination can be extracted. In this thesis, the carrier lifetime 
measurement is used to monitor the change of the a-Si:H passivation quality 
on c-Si wafers due to ITO deposition process. The drop of carrier lifetime (and 
thus implied VOC) due to the ITO deposition reflects the sputter induced 
damage, which is a very useful measurement technique to quantify the 
sputter damage for different ITO deposition conditions. 
2.4.2 EQE measurement 
The EQE of a solar cell for a given wavelength  is the ratio of the electron 
flux in the external circuit to the incident photon flux at this wavelength, under 
short-circuit conditions. If all photons are absorbed in the solar cell and the 
minority carriers are all collected, then the EQE at this specific wavelength is 
unity. The EQE for photons with energies below the bandgap energy is zero. 
The idealised shape of EQE curve of a solar cell is a rectangle, with EQE = 
100% for all photons with energies above the bandgap energy and EQE = 0 
for all other photons. However, owing to recombination losses in the solar 
cells, the EQE will be reduced below 100%. Due to front and rear surface 
recombinations, the EQE at short wavelengths (‘blue response’) and long 
wavelengths (‘infrared response’) will be reduced well below 100%. In c-Si 
solar cells, the reduction of the EQE at intermediate wavelengths is caused 
by recombination in both the bulk of the wafer and the rear surface. Optical 
reflection at the illuminated surface further reduces the EQE. If the optical 





reflection has been measured, the internal quantum efficiency (IQE) of the 






,                                          (2.23) 
where R is the reflection at the illuminated surface. 
2.4.3 I-V measurement 
The current-voltage (I-V) measurement characterises the overall electrical 
performance of a solar cell, and is thus one of the most fundamental 
characterisation techniques. As shown in Figure 2–27, the solar cells are 
placed on the samples stage with several rows of measurement probes 
pressing onto the busbar. The voltage and current are measured separately 
from the power source in order to remove the effect of contact resistance 
between the probes and the solar cell. The measurement is typically 
performed under Standard Testing Conditions [STC, i.e. the AM 1.5G 
spectrum (NAM1.5) at an intensity of one-sun (1000 W/m
2) and for a solar cell 
temperature of 25 ºC].  
 
Figure 2–27 Basic structure of an I-V tester for silicon wafer solar cells.  





Useful information that can be measured/extracted through I-V 
measurements includes the open-circuit voltage (VOC), the short-circuit 
current (ISC), the maximum power output of the cell (Pmax), the voltage and 
current at the maximum power point (Vmpp, Impp), the energy conversion 
efficiency (η), the fill factor (FF), the series resistance (RS) and the shunt 
resistance (RSH).  
The I-V characteristics of a solar cell can be modelled by using a two-diode 
equation, which accounts for the effects of recombination currents and ohmic 
resistances, as shown in Eq. 2.23. The two-diode model of solar cell includes 
the cell-generated photocurrent JL, two diodes with saturation current 
densities J01 and J02, and ohmic resistors RS, RSH in series and parallel to the 
diodes, respectively. The schematic of the two-diode model of a solar cell is 
shown in Figure 2–28.  
  
     S S SL 01 02
SH
( ) ( )
{exp[ ] 1} {exp[ ] 1}
q V JR q V JR V JR
J J J J
kT kT R
.  (2.24) 
 
Figure 2–28 Schematic of the two-diode model of a solar cell. 
Besides I-V measurements, the quasi-steady-state open-circuit voltage 
method, also known as the Suns-VOC measurement, allows the investigation 
of material and device properties at early stages of the process sequence 
(such as non-metallised samples). In this measurement, the incident light 





intensity (‘Suns’) and the VOC of the solar cells are recorded simultaneously. 
The Suns-VOC measurement has a few advantages over the general I-V 
measurement by I-V testers: (i) the measurement can be done on non-
metallised solar cells; (ii) it provides the I-V curve of the device without the 
effect of RS; (iii) it involves simple measurement and analysis steps. In the 
used Suns-VOC system (Suns-VOC, Sinton), a flash lamp with a slow decay is 
used to illuminate the sample. A separate Si wafer reference cell is used to 
monitor the illumination intensity which simplifies the measurement 
electronics as it is much simpler to measure the cell voltage. Important 
parameters without the influence of RS, such as VOC, Vmpp, Jmpp, pseudo FF 
(pFF), pseudo efficiency (pη), saturation current densities and ideality factors, 
can be extracted by theoretically analysing the measurement data.  
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Experimental Study of ITO Thin Films 
Chapter 
3 Experimental Study of ITO Thin Films 
 
3.1 Introduction 
The study of ITO thin film begins with the investigation of the sputter process. 
Among all the deposition parameters, discharge power, chamber pressure, 
ambient gases and deposition temperature are the most influential 
parameters. The deposition power influences the deposition rate and thus the 
energy distribution of the species [1]. The sputtering gases have a great 
impact on the chemical bonding states of the composing elements at the 
presence of either an oxidation ambient (oxygen) [2] or a reduction ambient 
(hydrogen) [3, 4]. The deposition pressure and temperature together 
determine the morphology, microstructure and crystallographic orientation of 
the thin films [1]. The other parameters such as carrier moving speed, 
distance between the pre-defined positions are less important and therefore 
are pre-optimised to reduce their influences. Several reports in recent years 
indicate that with the presence of hydrogen during the deposition (hydrogen 
doping [5, 6]), or via a post-deposition treatment (such as hydrogen plasma 
treatment [7], hydrogen ambient annealing [8]), the properties of ITO films can 
be significantly improved. Therefore, in this chapter, a detailed analysis of the 
effects of hydrogen on the optoelectrical properties of ITO was carried out. 
The influences of the other key parameters on the properties of ITO films 
were investigated for both PDC and URF sputtering methods. Subsequent 
high thermal processes after ITO deposition (such as thermal annealing) 
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during the fabrication of HET solar cells could also have an impact on the 
performance of ITO films [9]. Therefore it is important to study the annealing 
induced changes. 
3.2 Influence of deposition parameters in PDC sputtering 
For PDC sputtering method, the dominant influencing deposition parameters 
include deposition power, chamber pressure, oxygen partial pressure and 
deposition temperature. To exclude the influence from each other, the single 
parameter control method was used where only one parameter was changed 
at a time. The discharge power was first investigated from 250 to 2500 W 
(corresponding power density varies in the 0.5–5.1 W/cm2 range). The investi-
gation was performed in pure argon ambient at room temperature. The 
influences of power on the resistivity, visible transmission and growth rate of 
the ITO films are presented in Figure 3–1.  
 
Figure 3–1 Measured resistivity, visible transmission and growth rate of ITO 
as a function of the discharge power.  
As illustrated, high power is beneficial for growing more conductive ITO films 
at a faster deposition rate. For films deposited in an oxygen deficient environ-
ment, darkened appearance was observed with a poor visible transmission 
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below 80%. This darkening effect is more severely presented in films 
prepared at a high power which is due to the enhanced light absorption in 
thicker films. 
The influence of chamber pressure is investigated at room temperature at a 
power of 1500 W. As shown in Figure 3–2, the chamber pressure is almost 
linearly determined by the gas flow rate. With the increase of chamber 
pressure, the film resistivity increases accompanied with a drop of visible 
transmission (beyond 150 sccm Ar flow rate). The gas flow rate of 125 sccm 
is used for following optimisation analysis, which results in a chamber 
pressure of around 1.2–1.3 mTorr.  
 
Figure 3–2 Measured chamber pressure, resistivity and visible transmission 
of ITO films as a function of the Ar flow rate. 
The concentration of oxygen in the sputtering gas is the most influential 
parameter, as it has a great impact on both the electrical conductivity and 
optical transparency of the ITO films. The influence of the oxygen partial 
pressure [PO2, where PO2 = [O2/(Ar + O2)]×100%, according to the ratio of the 
gas flow rates] was investigated at a deposition power of 1500 W at room 
temperature. Four oxygen flow rates were chosen (3, 4, 6 and 9 sccm), which 
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contribute 2.4, 3.2, 4.8 and 7.2%, respectively, to the total gas flow rate of 
125 sccm. As shown in Figure 3–3, the ITO film deposited with 2.4% oxygen 
has a film resistivity (ρ) of around 6×10-4 Ωcm, which is almost 1/10 of the 
resistivity that is achieved in pure argon ambient (about 4.0×10-3 Ωcm, see 
Figure 3–1). For all ITO films deposited with oxygen dilution, the visible 
transmission of the samples is well above 90%. No darkening behaviour is 
observed for ITO films deposited in an oxygen diluted Ar environment. 
Although oxygen is good to prevent ITO from darkening, excess oxygen 
makes the ITO films become more resistive due to the reduced carrier 
concentration (NC) and carrier mobility (μC).  
 
Figure 3–3 Measured optoelectrical properties of ITO thin film as a function 
of oxygen partial pressure. 
Besides the influencing parameters investigated above, the deposition 
temperature is another crucial parameter that has a great impact on the 
optoelectrical properties of ITO films. The temperature influence was investi-
gated from 100 to 350 ºC (heater temperature; the actual substrate 
temperature Tsub is around 30 to 200 ºC) with a temperature interval of 50 ºC 
for four different power groups. The electrical properties, including film 
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resistivity, carrier concentration and carrier mobility, are compared within 
each power group and between films deposited at different powers. 
Presented in Figure 3–4, the graphs of each parameter are drawn in the 
same scale for an easy comparison between different power groups.  
 
Figure 3–4 Measured influence of the heater temperature during the 
deposition process on the electrical properties of ITO films at deposition 
powers of 300, 600, 800 and 1500 W. 
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As illustrated in Figure 3–4, a decrease of the film resistivity is observed with 
an increase of the deposition power, and the difference between the different 
power groups is getting smaller with increasing deposition temperature. It is 
clear from Figure 3–4 that a certain minimum energy needs to be applied to 
ITO deposition (by way of deposition power or substrate temperature) to 
achieve low resistivity in the 10-4 Ωcm range. The carrier concentration 
increases with respect to the deposition power, changing from around 8×1019 
cm-3 at 300 W to around 3×1020 cm-3 at 1500 W. The carrier concentration is 
quite stable with respect to the deposition temperature, while a temperature 
dependent trend is observed for the carrier mobility, especially in the ITO 
films deposited at low powers. With increasing deposition temperature, almost 
a linear increase of the carrier mobility is observed in films grown at 300 W. 
The carrier mobility of ITO films grown at 600 W is quite temperature 
dependent, which drops from 40 cm2/Vs for films deposited at room 
temperature to below 30 cm2/Vs for deposition at 200 ºC, then increases to 48 
cm2/Vs when ITO is deposited at 350 ºC. For ITO films deposited at 800 and 
1500 W, only a small variation of the carrier mobility is observed with respect 
to the deposition temperature. It is found that a lower carrier mobility is 
obtained for films deposited at 1500 W than those deposited at 800 W. The 
reason for lower carrier mobility achieved at 1500 W is due to the increased 
scatterings of free electrons by ionic charges, which will be elaborated in 
detail in Chapter 4. 
To gain a better understanding of the sputtering process, the following five 
conditions, named as conditions A to E, are investigated by cross-optimising 
the above influencing parameters. As listed in Table 3–1, the total gas flow 
rate was fixed at 125 sccm. Besides the deposition in pure argon ambient, 
two different oxygen gas concentrations (PO2 of 2.4% and 3.2%) were 
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investigated at both room temperature and a heater temperature of 375 ºC 
(Tsub = 220 ºC).  
Table 3–1 ITO deposition conditions chosen for cross-optimisation of 
deposition parameters at a fixed total gas flow rate of 125 sccm. 
Condition Ar flow rate (sccm) PO2 (%) Heater temperature (ºC) 
A 125 0 25 
B 121 3.2 25 
C 122 2.4 25 
D 121 3.2 375 
E 122 2.4 375 
 
The electrical properties of the ITO films were investigated at the above 
conditions using four different powers, namely 400, 600, 800 and 1000 W. 
Table 3–2 summarises the carrier mobility and film resistivity of the prepared 
samples. The lowest carrier mobility for all the investigated samples 
deposited at different powers was achieved for condition A, due to the 
darkening effect. At conditions B and C, a small variation of PO2 is applied. It 
is noticed that for 400 and 600 W, higher electron mobility is achieved at a 
PO2 of 3.2%; while for 800 and 1000 W, higher electron mobility is achieved 
at a PO2 of 2.4%. The investigation is then conducted again at conditions D 
and E at a heater temperature of 375 ºC. For all the investigated powers, 
samples deposited in condition E have better electron mobility than that of the 
films deposited in condition D.  
It is noted that for films prepared at 400 and 600 W, high electron mobility can 
only be achieved with high substrate temperature. The electron mobility of the 
films deposited at 800 W shows little variations with respect to the deposition 
temperature. A similar trend is observed for ITO films deposited at 1000 W; 
however, a relatively smaller carrier mobility is obtained. Among the five 
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investigated conditions, the lowest ITO film resistivity was achieved for 
condition E. 
Table 3–2 The carrier mobility and film resistivity of the samples prepared at 
the predefined conditions (A to E) under different powers. 
 Carrier mobility (cm
2
/Vs) 
Power (W) A B C D E 
400 6.8 26.8 11.8 47.9 49.2 
600 6.7 40.4 35.3 44.7 46.6 
800 7.0 41.4 46.8 41.0 44.7 
1000 7.6 40.9 44.0 30.6 37.2 
 Film resistivity (Ωcm) 














































To sum up, in PDC sputtering system, more conductive films can be easily 
achieved at a high deposition power. For low power deposited films, similar 
film resistivity can only be achieved at a high deposition temperature, 
however, low power deposited films are shown to have a higher electron 
carrier mobility. Currently, the optimal ITO film is achieved for the condition 
with 800 W power, at elevated temperature and 2.4% PO2 (122 sccm Ar and 
3 sccm O2). This optimal condition is shown to result in a highly conductive 
ITO film with a good carrier mobility of above 40 cm2/Vs, while the deposition 
power is low enough to prevent severe sputter damage during the deposition 
process. Besides the above findings, the ITO films deposited in pure Ar 
ambient showed darkened appearance with low carrier mobility. The reasons 
for these observations will be discussed in detail in Chapter 4. 
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3.3 Influence of deposition parameters in URF sputtering1 
The influencing deposition parameters in the URF sputtering method include 
deposition power, hydrogen partial pressure and deposition temperature. The 
deposition power was first analysed in Ar ambient at powers from 50 to 200 
W, corresponding power density in the range of 0.62–2.47 W/cm2. As shown 
in Figure 3–5, the film resistivity is almost stabilised when the discharge 
power is above 100 W. The carrier concentration of the ITO films keeps 
increasing with the increase of deposition power, while the maximum carrier 
mobility is obtained at 100 W. According to Liu et al. [10], the low carrier 
mobility at low discharge power is due to the formation of a non-stoichiometric 
film, while at high deposition power the decrease of carrier mobility is due to 
the increased grain boundary scattering and ionised impurity scattering. 
Therefore a medium deposition power of 100 W (power density of ~1.2 W/cm2) 
was used for the following experiments.  
 
Figure 3–5 Influence of power on the optoelectrical properties of ITO films. 
                                               
1 Parts of the results of this section have been published in the following journal paper: 
M. Huang, Z. Hameiri, A. G. Aberle, and T. Mueller, "Study of hydrogen influence 
and conduction mechanism of amorphous indium tin oxide for heterojunction silicon 
wafer solar cells," Phys. Status Solidi A, vol. 212, pp. 2226-2232, 2015. 
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The investigation regarding the impact of the hydrogen partial pressure [PH2, 
where PH2 = [H2/(Ar + H2)]×100%, according to the ratio of the gas flow rates] 
on the film properties starts with sputtering at 100 W using pure Ar gas. As 
illustrated in Figure 3–6, ITO sputtered at this condition has a carrier mobility 
of about 40 cm2/Vs and a resistivity of 4.6×10-4 Ωcm. By adding a small 
amount of hydrogen (PH2 = 0.24%) to the sputtering gas, the carrier mobility 
slightly improves while the carrier concentration decreases. With further 
increasing hydrogen partial pressure, a significant decrease of both carrier 
mobility and film transmission in the visible range is observed. It seems that 
with PH2 = 0.24%, the deposited film has the highest carrier mobility but the 
lowest carrier concentration.  
It was proposed by Luo et al. [11] that when sputtering in the presence of 
hydrogen, In2O3 will be decomposed to In2O3-x and subsequently to metallic 
indium form (In). The hydrogen is expected to remove oxygen from the 
plasma via a reduction process by forming H2O or OH species in vapour 
phase, which results in oxygen deficient ITO in the solid phase. The cation 
reduction results in metallic particles dispersed in the film, which could 
impede the optoelectrical properties of the ITO film. When the hydrogen 
partial pressure is low, Luo et al. [11] proposed that neutral defects are 
formed (by oxygen defects and cation defects) which have a reduced 
scattering effect on the mobile carriers. The scattering increases when excess 
hydrogen generated oxygen defects are formed which prevail over the 
formation of neutral defect. Thus, as observed, beyond the optimal hydrogen 
concentration, there is an increase of the carrier concentration and a drop of 
the carrier mobility, which leads to the highly resistive and pale ITO films 
obtained at a high hydrogen partial pressure.  
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Figure 3–6 Influence of hydrogen partial pressure on the optoelectrical 
properties of ITO films. 
The influence of the deposition temperature was investigated from room 
temperature to 250 °C (substrate temperature) under the condition of 100 W 
and 0.24% PH2. As shown in Figure 3–7, the resistivity of the film decreases 
almost linearly from 4.7×10-4 Ωcm at room temperature to 2.8×10-4 Ωcm for 
deposition at 250 °C. When the substrate is heated to 50 °C, there is a 
sudden increase of the carrier concentration accompanied with a significant 
drop of the carrier mobility. Beyond this temperature, a steady rise of the 
carrier mobility and carrier concentration is observed. As the fabrication 
temperature should be less than 250 °C for HET solar cells to prevent intrinsic 
a-Si:H film from phase changing, therefore the deposition temperature of ITO 
should be limited to around or below 250 °C.  
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Figure 3–7 Influence of the substrate temperature on optoelectrical 
properties of ITO films. 
In addition to the investigation of the sputter process for ITO thin films, a 
similar research was conducted again for indium oxide (IO) thin films which 
were sputtered from a ceramic target (4 inch round target, 99.99% purity) by 
the URF sputtering system. Similar deposition conditions as those of the ITO 
sputtering are used. Three different conditions are investigated, which are 
deposition in pure Ar ambient at room temperature (IO-1), deposition with 
hydrogen gas at room temperature (IO-2) and deposition in pure Ar ambient 
at 100 ºC (IO-3). The detailed deposition conditions and properties of the 
In2O3 thin films are summarised in Table 3–3. Although there is no external 
doping from Sn atoms, as a result of the high carrier concentration and carrier 
mobility, the sample IO-1 is found to be electrically conductive with a 
comparable film resistivity to that of the ITO film at the same deposition 
condition. The excess free electron carriers in IO film would most likely 
donated by oxygen vacancies. The sample IO-2 deposited in hydrogen-
containing ambient experience a significant drop of carrier concentration by 
more than one magnitude as compared to that of sample IO-1. Owing to 
which, the carrier mobility and visible transmission of IO films are also 
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affected. A similar trend was also observed for sample IO-3, but the 
degradation of the optoelectrical properties was much less pronounced. The 
increased resistivity of sample IO-3 may be associated with the decrease in 
the density of oxygen vacancies. It is noted that the carrier mobility of sample 
IO-3 is not significantly influenced and maintains a high value of 50.5 cm2/Vs. 
Table 3–3 Deposition conditions and the properties of the In2O3 thin film 





































Based on the discussions in this section, for deposition at 100 W in the URF 
sputtering method, the ITO films are shown to have quite comparable material 
property when deposited at room temperature in pure Ar ambient, to that of 
the optimal condition carried at elevated temperature in hydrogen diluted Ar 
ambient (PH2 = 0.24%). The base material of ITO, namely In2O3, is found to 
be quite electrical conductive (even without the external doping provided by 
Sn atoms). In addition, different impacts of hydrogen gas and deposition 
temperature are observed on the properties of IO and ITO films. The 
conduction mechanism of the ITO and the influence of hydrogen on the 
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3.4 Thermal stability of ITO films2 
The thermal stability of ITO films is another important factor, which 
determines the severity of the film property degradation due to post-
deposition thermal treatments. During the fabrication of HET solar cell, the 
curing process of the metal paste could introduce unwanted property changes 
to the ITO films. In this section, a few annealing conditions were tested in air 
ambient on a group of ITO samples deposited at different powers. 
As demonstrated previously in Section 3.2, the deposition power not only 
determines the ITO film growth rate, but also influences the electrical 
properties of ITO film. In this section, the annealing induced changes are 
investigated on a group of samples prepared by PDC sputtering system under 
discharge powers of 0.4, 0.6, 0.8, 1.0, 1.5 and 2.0 kW (corresponding to 
power densities of 0.82, 1.23, 1.65, 2.06, 3.09 and 4.11 W/cm2, respectively). 
Except the discharge power, all the other influencing parameters were kept 
fixed at their baseline settings, i.e. chamber pressure (1.6×10-3 mbar), heater 
temperature (375 °C, corresponding to a glass substrate temperature of 
220 °C), deposition time (300 s) and oxygen partial pressure (PO2 = 2.4 %).  
The details of the electrical and optical properties of the prepared ITO 
samples are listed in Table 3–4. Thicker films are obtained at high deposition 
powers due to faster film growth rate. With increasing deposition power, the 
resistivity of the ITO films gradually reduces and then stabilises at around 
4.5×10-4 Ωcm. This decreased resistivity originates from the increased carrier 
concentration which increases from 1.5×1020 cm-3 for sample prepared at 0.4 
                                               
2 Parts of the results of this section have been published in the following journal paper: 
M. Huang, Z. Hameiri, A. G. Aberle, and T. Mueller, "Influence of discharge power 
and annealing temperature on the properties of indium tin oxide thin films prepared 
by pulsed-DC magnetron sputtering," Vacuum, vol. 121, pp.187-193, 2015. 
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kW to 4.5×1020 cm-3 for sample prepared at 2.0 kW. The electron carrier 
mobility, however, reduces with the increase of power, which drops from 49.2 
cm2/Vs to only 30.3 cm2/Vs in the investigated power range.  





















0.4 37 82.7 8.6 1.5 49.2 
0.6 51 78.6 5.2 2.0 46.6 
0.8 68 77.9 4.9 2.8 44.7 
1.0 85 80.1 4.8 3.2 37.2 
1.5 128 90.2 4.6 3.8 36.7 
2.0 175 84.7 4.5 4.5 30.3 
 
In addition to the observed diverse electrical properties, varied surface 
morphologies of the ITO samples are also observed. As shown in Figure 3–8, 
samples deposited below 1 kW have smooth surface morphologies with small 
sized random features (on an area of 500 × 500 nm2). Starting with sample 
deposited at 1.5 kW, larger and more regular sized surface features appear, 
particularly for sample deposited at 2 kW, which has a cauliflower-like surface 
texture. It is noticed that with the increase of power, the ITO surface feature 
gets larger and sharper. The root mean square surface roughness of each 
sample is shown in the top-right corner of each image. The surface 
roughness of sample deposited at 1.5 and 2.0 kW is much larger than the 
other samples. Since high discharge power density can take large clusters of 
the material out of the target, and thus increases the surface roughness of the 
deposited films [12]. Although a large variation of the surface features occurs 
with regard to the discharge power, all prepared ITO samples have low 
surface roughness (< 4 nm).  
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Figure 3–8 AFM images of the ITO films prepared with different powers. 
The surface roughness of each sample is indicated in the top-right corner. 
The XRD spectra in Figure 3–9 illustrate the dependence of the ITO film 
crystallinity on the deposition power. For sample deposited at 0.4 kW, hardly 
any of the typical peaks of ITO are present and only a broad hump is seen, 
indicating that an amorphous ITO film was obtained at this power. The 
emergence of the (222) peak starts with the ITO deposited at 0.6 kW; with 
further increasing power, the intensities of the primary (222) peak and the 
other typical ITO diffraction peaks increase, while the contribution from the 
amorphous phase decreases. It is clearly shown that the ITO film crystallinity 
increases with the increase of deposition power. Although a gain of peak 
intensity is observed with increasing deposition power, it is noticed that the 
FWHM of the diffraction peaks barely changes. This indicates that the 
average size of the crystallised grains is similar. 
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Figure 3–9 XRD spectra of ITO films deposited by PDC sputtering at 
different powers (0.4, 0.6, 0.8, 1.0, 1.5, 2.0 kW). 
It is well known that amorphous ITO starts to crystallise at temperatures in the 
range of 150–170 °C [10, 13]. Therefore the annealing induced changes were 
studied at two distinct annealing temperatures, 150 °C and 200 °C (actual 
sample temperatures of about 145 and 195 °C). Annealing at 150 °C 
represents a temperature below the crystallisation temperature of amorphous 
ITO, while annealing at 200 °C represents the temperature range above the 
crystallisation temperature of amorphous ITO. For each annealing 
temperature, four ITO-on-glass samples (cut from the same large-area 
sample) were annealed in air ambient for 30, 60, 120 and 240 minutes. The 
annealing induced changes were monitored by the changes of film properties, 
i.e. resistivity (ρ), visible transmission (Tvisible), carrier concentration (NC) and 
carrier mobility (μC). 
Figure 3–10 shows the properties of the ITO films before and after annealing 
at 150 °C. For each power condition (presented with same-colour dots), the 
five dots represent the as-deposited condition (first dot) and the four annealed 
conditions with annealing time of 30, 60, 120 and 240 minutes, respectively. 
Besides a slightly increase of the film resistivity at 0.4 kW, the other ITO films 
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are shown to have very minor annealing induced changes: the optoelectrical 
properties for all the investigated parameters are maintained even after 240 
minutes’ annealing. Besides the electrical properties, minor changes of visible 
transmission are observed within the same power group. 
 
Figure 3–10 The optoelectrical properties of as-deposited and annealed ITO 
films at 150 °C. For each power, the first dot represents the as-deposited film 
and the four other dots represent the annealed samples after 30, 60, 120 and 
240 minutes, respectively. 
The annealing test was conducted again at 200 °C (see Figure 3–11), which 
is above the crystallisation temperature of amorphous ITO. In contrast to 
150 °C, significant changes of the ITO properties were observed. Based on 
the degree of annealing induced changes, the prepared samples can be 
categorised into three groups: the quasi-amorphous ITO films (0.4 and 0.6 
kW), the moderately crystallised ITO films (0.8 and 1.0 kW), and the highly 
crystallised ITO films (1.5 and 2.0 kW). For the first group, an obvious 
degradation of the film resistivity is observed with extended annealing time. 
The electron mobility drops linearly from around 50 cm2/Vs to less than 15 
cm2/Vs with the increase of annealing time. For the second group, the carrier 
mobility significantly drops after annealing for 30 minutes which leads to a 
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rapid increase of the film resistivity. Further annealing does not show a clear 
change of the film resistivity. For the third group, the film resistivity is well 
maintained at all annealing periods. These observations reveal that, with 
increasing deposition power, the annealing process influences less on the 
properties of the ITO films. Comparing to the annealing induced changes at 
150 °C, annealing at 200 °C leads to more severe degradation of the film 
properties, especially for samples with low crystallinity. 
 
Figure 3–11 The optoelectrical properties of the as-deposited and annealed 
ITO films at 200 °C. For each power, the first dot represents the as-deposited 
film and the four other dots represent the annealed samples after 30, 60, 120 
and 240 minutes, respectively. 
The XRD spectra of the sample deposited at 0.6, 1.0, 2.0 kW before and after 
annealing for 240 minutes at 200 °C is illustrated in Figure 3–12. After 
annealing [represented as 0.6 (A), 1 (A) and 2 (A)], an obvious improvement 
of the film crystallinity is observed for samples deposited at 0.6 and 1.0 kW, 
while there is little change of the film crystallinity observed in film deposited at 
2.0 kW. The improved film crystallinity after annealing for low power 
deposited ITO films may be the reason which leads to degraded electrical 
properties. 
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Figure 3–12 XRD spectra of sample deposited at 0.6, 1.0 and 2.0 kW before 
and after annealing at 200 °C for 240 minutes. The spectra with the name 
labelled with “(A)” after the deposition power represent the XRD spectrum of 
the sample after annealing.  
A few studies were reported to correlate this degradation with Sn segregation 
to the grain boundaries during the annealing process [10, 14, 15], which 
increases the number of scattering centres and thus impedes the electron 
mobility. Since a significant drop of the carrier mobility and an improvement of 
film crystallinity are observed after annealing, it is confirmed that the 
degradation of the ITO properties is associated with the formation of excess 
defects and scattering centres. As shown already in context with Figure 3–9, 
with increasing deposition power the film crystallinity increases, shown by the 
increased intensity of the primary peaks and reduced intensity of the 
amorphous phase. The highest film crystallinity is achieved at 2.0 kW, 
whereby the film is most probably composed of tightly packed grains. Only 
very confined non-crystallised regions exist between the grain boundaries. 
Therefore, even after extended annealing, there is no significant change of 
the grain properties. For samples B and D, the as-deposited ITO films contain 
large volumes of non-crystallised regions assembled around the crystal grains. 
The non-crystallised regions tend to recrystallise (by forming larger grains as 
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shown by the small FWHM after annealing at 200 ºC). Different from the 
crystal grains within the as-deposited films which are formed in a gradual 
manner with better quality, the recrystallised grains are quite defective. It is 
thus believed that the annealing induced changes are mainly restricted to the 
newly crystallised regions, which deteriorates the electrical performance of 
the ITO films.  
3.5 Summary 
In this chapter, the influence of sputter deposition parameters and the 
annealing induced changes on the performance of the ITO samples were 
investigated. For the film prepared by both PDC and URF sputtering tools, the 
optimal ITO deposition conditions results in film resistivity of (4–6)×10-4 Ωcm 
with a high visible transmission over 90%. Highly conductive and transparent 
ITO films were achieved at the optimal concentration of either oxygen or 
hydrogen diluted Ar gas at an elevated deposition temperature. The study of 
the annealing induced changes demonstrates that the ITO films deposited at 
high powers show better thermal stability after annealing. Degraded ITO 
properties are observed for low power deposited ITO films after annealing at 
200 ºC. This degradation is very likely due to the excess scattering centres 
formed in the newly crystallised regions, which deteriorate the electron 
mobility as well as the film conductivity.  
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Chapter 
4 XPS In-depth Analysis of ITO Thin Films3 
 
4.1 Introduction and sample information 
In Chapter 3, it was revealed that different deposition conditions result in ITO 
thin films with different material properties. The general characterisation of 
resistivity and carrier properties measured by Hall effect is insufficient to 
reveal the root causes such as why more conductive ITO films are achieved 
at high deposition power, for what reasons the ITO films are darkened in 
oxygen deficient ambient in PDC sputtering, and how the hydrogen/oxygen 
gas helps to improve the properties of the ITO films. Since the properties of 
ITO films depend greatly on the atomic composition and chemical bonding 
states between the composing elements, the investigation of the microscopic 
structures can possibly explain why different material properties are achieved 
at different deposition conditions. Previous researchers have reported the 
XPS analysis of ITO thin films, such as the investigation of ITO 
blackening/darkening [1, 2], oxygen influence on the chemical composition [3, 
4] and the conduction mechanism of the ITO films [5, 6]. These previous 
                                               
3
 Parts of the results of this chapter have been published in the following journal 
papers: 
M. Huang, Z. Hameiri, A. G. Aberle, and T. Mueller, "Comparative study of indium 
tin oxide prepared by pulsed-DC and RF magnetron sputtering at low temperature 
and low power conditions," Vacuum, vol. 119, pp. 68-76, 2015.  
M. Huang, Z. Hameiri, A. G. Aberle, and T. Mueller, "Study of hydrogen influence 
and conduction mechanism of amorphous indium tin oxide for heterojunction silicon 
wafer solar cells," Phys. Status Solidi A, vol. 212, pp. 2226-2232, 2015. 
M. Huang, Z. Hameiri, A. G. Aberle, and T. Mueller, "Influence of discharge power 
and annealing temperature on the properties of indium tin oxide thin films prepared 
by pulsed-DC magnetron sputtering," Vacuum , vol. 121, pp.187-193, 2015. 
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works shed light on how the chemical bonding states differentiate the ITO 
films at various deposition conditions, however, the detailed mechanism has 
not yet been fully revealed. Moreover, since the ITO deposition process in 
HET solar cell fabrication is limited to low-temperature and low-power 
conditions, it is worthwhile to study ITO films deposited at these particular 
conditions [7-9]. 
XPS analysis was used to examine the composition and chemical bonding 
states of ITO films. The position of the sp3-bonded carbon 1s peak (which is 
due to surface contamination) is taken as a standard (binding energy = 285 
eV) to compensate for any charge-induced shifts. The XPS scan records the 
photoelectron peaks for In, Sn, O in the binding energy range from 0 to 1300 
eV. To separate the influence from the surface contaminations, a few 
nanometres surface layer are etched away (by argon ion sputtering) prior to 
the start of the XPS scan. The etching process is monitored by the intensity 
change of the C 1s peak. Generally, the intensity of the C 1s peak drops to 
zero within three minutes of sputtering, indicating that the surface layer is fully 
sputtered off. For ITO films, the O 1s, In 3d5/2 and Sn 3d5/2 XPS peaks are 
used for in-depth analysis purposes. The Shirley background is applied to 
define background parameters, while the Gaussian-Lorentzian lineshape is 
used in the fitting of XPS peaks. 
There are ten samples in total investigated in this chapter, which are named 
as XPS-1 to XPS-10. Samples XPS-1 to XPS-3 were prepared by PDC 
sputtering at three different powers which are shown to result in different film 
crystallinities and electrical properties. These three samples are used to 
investigate the influence of the deposition power on the electrical properties of 
ITO thin films. Samples XPS-4 to XPS-10 were prepared for a comparative 
study between the ITO films deposited by PDC and URF sputtering tools 
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(XPS-4 to XPS-6 were deposited by PDC sputtering method, while XPS-7 to 
XPS-10 were deposited by URF sputtering method). These samples are used 
to investigate the darkening behaviour of ITO in an oxygen deficient ambient, 
the effect of oxygen and hydrogen, the electrical conduction mechanism of 
ITO films, and the influence of the deposition temperature. 
4.2 Influence of discharge power by PDC sputtering 
In Section 3.4, it was found that the deposition power has a crucial impact on 
the ITO material properties: i.e. more conductive films with better film 
crystallinity are achieved at higher deposition powers. To further investigate 
the effect of discharge power on the electrical properties of the ITO films, 
three representative samples were chosen for detailed XPS analysis, which 
were deposited at 0.6, 1.0, and 2.0 kW and named as XPS-1, XPS-2 and 
XPS-3, respectively. Apart from the different deposition powers, all the other 
influencing parameters are kept fixed (substrate temperature 220 ºC, PO2 = 
2.4%, total gas flow rate of 125 sccm). The summary of the properties of the 
prepared ITO samples is given in Table 4–1.  
Table 4–1 Properties of ITO films prepared with deposition powers of 0.6, 























XPS-1 0.6 51 78.6 5.2 2.0 46.6 
XPS-2 1.0 85 80.1 4.8 3.2 37.2 




As shown in Table 4–1, with increasing deposition power, the resistivity of the 
ITO films reduces. The observed resistivity drop originates from the increased 
carrier concentration (NC) which rises from 2.0×10
20 cm-3 for sample XPS-1 to 
4.5×1020 cm-3 for sample XPS-3. The electron mobility (μC), however, 
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decreases with increasing power. As can be seen from Figure 3–12, these 
three samples have low (XPS-1), medium (XPS-2) and high (XPS-3) film 
crystallinity.  
The basic characteristics of ITO films fail to discover the root cause for the 
property divergence observed at different deposition powers and how it 
influences the optoelectrical performance of ITO. Given that the doping 
efficiency of the Sn atoms increases with film crystallinity [5], it is important to 
determine the main electron donors in ITO films with different crystallinities. 
To tackle this issue, XPS measurements were used to investigate the 
chemical compositions and bonding states within the ITO films. After one 
minute of ion sputtering (i.e., around 2.5 nm into the film), the surface layer is 
partially etched away (as shown by the reduced intensity of the C 1s peak; 
not presented here). The scan after 1 minute of ion sputtering is named as 
‘Interface’. After three minutes of ion sputtering (i.e., around 7.5 nm into the 
film), the C 1s peak totally disappears (not presented here), indicating that the 
surface layer has been fully sputtered off. This scan is named as ‘Film’. For 
the O 1s scan, the detailed analysis and fit results are presented in Table 4–2 
and Figure 4–1.  
There are three individual components in the surface layer defined as O I, O II, 
O III at binding energy of 529.9  0.3 eV, 531.4  0.3 eV, and 532.3  0.3 eV, 
while only two chemical states (O I and O II) are noticeable in the film. The 
sum of all three oxygen peaks is named Otot. The multiple fitting peaks exhibit 
the existence of oxygen in different environments in ITO. The exact peak 
position may vary depending on the deposition conditions and film properties. 
For instance, Ishida et al. attributed the peak at 530.8 eV to the lattice oxygen 
in the crystalline ITO and the one at 532.4 eV to oxygen atoms in the 
amorphous phase [10]. Chuang et al. reported their best fitting of the O 1s 




XPS In-depth Analysis of ITO Thin Films 
peak using five individual peaks [11, 12], in which they defined peaks at 
529.87 eV as lattice oxygen in amorphous ITO phase, 530.41 eV as lattice 
oxygen in crystalline ITO phase, 531.42 eV as oxygen deficient regions of the 
In2O3 matrix, 532.56 eV as oxygen in the In(OH)3 or InOOH species, and 
533.64 eV as oxygen in binding with organic impurities. Fan et al. attributed 
the peak at 529.9 eV to be In2O3 lattice oxygen, in which the In ions are fully 
bonded with neighbouring O2- ions, while the one at 531.6 eV was considered 
to be O-In bonding state in oxygen-deficient region [2].  
Since as shown in Table 4–2, the O I peak is the main peak of samples XPS-
1 to XPS-3 which have different film crystallinities, therefore O I peak is more 
reasonably assigned to be lattice oxygen of In2O3 where In atoms (or 
substitutional Sn) are neighbouring with six O2- with their full complement [1, 
13, 14]. The intensity of the O I peak represents the ratio of oxygen atoms in 
a fully oxidised and stoichiometric surrounding. The O II peak is considered to 
be the O-In bonding in an oxygen deficient In2O3-x region, same as reported 
by Fan et al. [2] and Chuang et al. [11, 12]. Therefore the changes in intensity 
of the O II components are most probably related to changes in the 
concentration of oxygen vacancies. The intensity of the O II peak is reduced 
from the surface to the bulk of the film, which reveals that less O-In bonding 
states exist in oxygen deficient regions in the film. The O III peak can be 
assigned to chemisorbed oxygen such as hydroxyl group or water molecules 
on the ITO surface since this peak can’t be detected even after 1 minute of 
ion sputtering, which confirms that the chemisorbed oxygen only exists on the 
very top surface and this agrees well with the conclusions of Chuang et al. [11, 
12]. The Otot/In atomic ratios (At.) are smaller than the stoichiometric value of 
1.7, and it decreases from the surface to the bulk of the film, suggesting that 
oxygen is more deficient in the film’s bulk. A smaller In/Sn ratio is observed in 
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the surface layer, which is probably due to the segregation of Sn atoms to the 
surface boundary layer of the ITO film as previously reported [15, 16].  
Table 4–2 Positions and relative strengths of the resolved peaks (O I, O II, O 
III) obtained according to the quantification data from the O 1s, In 3d5/2 and 





 Positions (eV) 
 
Relative strengths (%) 
 
At. (%)  At. (%) 
O I O II O III O I O II O III Otot/In  In/Sn 
XPS-1 
Surface  530.2 531.7 532.6  64.6 26.1 9.3  1.40  8.75 
Interface  530.3 531.7 -  78.7 21.3 -  1.19  9.06 
Film   530.2 531.5 -  84.0 16.0 -  1.05  10.86 
XPS-2 
Surface  530.0 531.6 532.6  56.5 28.9 14.5  1.60  9.19 
Interface  530.2 531.7 -  75.3 24.7 -  1.25  8.81 
Film  530.2 531.7 -  81.4 18.6 -  1.13  10.27 
XPS-3 
Surface  530.2 531.6 532.6  50.4 30.9 18.7  1.74  8.39 
Interface  530.2 531.7 -  75.1 24.9 -  1.22  8.73 
Film  530.1 531.5 -  79.3 20.7 -  1.09  9.27 
 
 
Figure 4–1 The O 1s XPS spectral lines of samples XPS-1, XPS-2, XPS-3 
at the surface, interface and film bulk. 
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When comparing these samples, it is noticed that the relative strengths of the 
O II and O III peaks increase from sample XPS-1 to sample XPS-3, both in 
the surface layer and in the bulk of the ITO film. Since the O II peak intensity 
is the most relevant to the concentration of oxygen vacancies, the higher ratio 
of O II bonding states indicates a larger amount of free electron carriers 
contributed by the oxygen vacancies. It is therefore believed that the high 
electron concentration in sample XPS-3 is partially contributed by the oxygen 
vacancies.  
Besides the O 1s peak, in all the prepared samples, asymmetric shapes are 
observed for both the In 3d5/2 and Sn 3d5/2 peaks, indicating the existence of 
multiple components. This is rarely reported in the literature [17], as most 
researchers found that the In 3d5/2 peaks and Sn 3d5/2 peaks are less 
sensitive to changes in the valance states [2, 13]. The best fitting of the In 
3d5/2 peaks and Sn 3d5/2 peaks is achieved by using two adjacent peaks, one 
main peak and a small affiliation peak at higher energy. The positions and 
relative strengths of the resolved peaks are listed in Table 4–3.  
For In 3d5/2 peaks, two peaks at the binding energy of 444.4  0.3 eV (In I) 
and 445.5  0.2 eV (In II) are used which gives the best fitting results. The In I 
peak is assigned to In3+ bonding in In2O3 [13], while the In II peak is possibly 
due to the existence of intermediate oxidation states of In atoms such as In+ 
or In2+ [18]. Similarly for Sn 3d5/2 peaks, two resolved peaks at the binding 
energy of 486.4  0.2 eV (Sn I) and 487.3  0.1 eV (Sn II) are used. The Sn I 
peak is assigned to Sn4+ bonding in substitutional In sites, interstitial SnO2 
and tin oxide complex, such as oxygen deficient Sn3O4-like structures. The 
Sn3O4-like structure could either be Sn3O4 second phase or substitutional 
Sn4+ atoms in oxygen deficient In2O3-x regions of a similar structure [2]. The 
Sn II peak represents the electrically inactive Sn2+ dopants in the form of SnO 
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[2, 13]. Some other researchers have assigned the In I and Sn I peaks to In3+ 
and Sn4+ bonding states in crystalline ITO while In II and Sn II peaks are 
attributed to bonding states in amorphous ITO [19]. As it shows that for the 
prepared samples with big disparity of film crystallinities, the ratios of In I/In II 
and Sn I/Sn II are not so different; therefore it is more reasonable to assign 
the In II and Sn II peaks to the intermediate oxidation states. 
Table 4–3 Positions and relative strengths of the resolved peaks (In I & In II 
and Sn I & Sn II) obtained according to the quantification data from the In 






XPS-1 XPS-2 XPS-3 
In 3d5/2 Region Unit In I In II In I In II In I In II 
Surface eV 444.6 445.4 444.5 445.5 444.7 445.5 
% 58.8 41.2 62.8 37.2 73.2 26.8 
Interface eV 444.7 445.5 444.6 445.4 444.5 445.4 
% 81.3 18.7 66.7 33.3 53.7 46.3 
Film eV 444.7 445.4 444.7 445.5 444.5 445.5 
% 80.7 19.3 73.2 26.8 81.4 18.6 
Sn 3d5/2 Region Unit Sn I Sn II Sn I Sn II Sn I Sn II 
Surface eV 486.5 487.3 486.4 487.3 486.4 487.3 
% 61.7 38.3 50.0 50.0 47.6 52.4 
Interface eV 486.4 487.3 486.4 487.4 486.3 487.3 
% 77.4 22.6 67.6 32.3 68.5 31.5 
Film eV 486.5 487.4 486.5 487.4 486.3 487.4 
% 82.5 17.5 72.5 27.5 84.7 15.3 
 
A vertical divergence of the chemical bonding states was also revealed by the 
XPS analysis. Smaller relative ratios of the In II and Sn II peaks are observed 
in the film, which demonstrates that there are fewer intermediate bonding 
states of In and Sn atoms inside the ITO film bulk compared to that in the 
surface layer. Since it is difficult to separate the substitutional Sn4+ bonding 
from the Sn I peak, it is hard to quantify the share of the Sn atoms that 
function as free electron donors. According to the literature, the doping 
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efficiency of Sn atoms improves with increasing film crystallinity [20]. It is 
therefore believed that the higher Sn I intensity in sample XPS-3 is attributed 
to the higher doping efficiency of Sn atoms, i.e. more Sn atoms substitute In 
sites and donate free electrons. Although the relative ratio of Sn I in sample 
XPS-1 is high, it is suspected that instead of acting as electron donors, Sn4+ 
bonding in sample XPS-1 may form interstitial SnO2 and tin oxide complex 
which do not contribute to free electrons [21]. The lowest ratio of the Sn I is 
obtained for sample XPS-2, in which more transitional Sn2+ bonding states 
exist.  
The conductivity of the ITO film is determined by both the free carrier 
concentration and the carrier mobility. As discussed in Section 4.2 (in relation 
to Table 4–1), the high concentration of free electrons is the main factor 
contributing to the conductive films achieved at high deposition powers. Since 
the relative strengths of the O II and Sn I peaks in sample XPS-3 are higher 
than those of samples XPS-1 and XPS-2, it is believed that there are more 
oxygen vacancies and Sn atoms acting as electron donors in sample XPS-3. 
Although free charge carriers potentially enhance the film conductivity, the 
scattering centres formed by the ionic charges impede the carrier mobility [21]. 
Therefore, due to the increased ionic charge scattering and gain boundary 
scattering, the carrier mobility of high power deposited ITO films is limited to 
around 30 cm2/Vs. In contrast to the crystallised ITO films, as the doping 
efficiency of Sn atoms in amorphous ITO films is low, the free carriers in 
amorphous ITO films are mainly contributed by oxygen vacancies [20]. 
Benefiting from less ionic charge scattering by Sn ions [20], amorphous films 
are shown to have higher carrier mobility. 
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4.3 Comparative study of ITO by PDC and URF sputtering 
In this section, the ITO films prepared by PDC and URF sputtering method at 
low-damage sputtering conditions were compared and analysed. The 
comparison of ITO films was based on a few representative conditions which 
were pre-optimised by each system. Altogether seven samples are included 
in this study, which are labelled as samples XPS-4 to XPS-10. Samples XPS-
4 to XPS-6 were prepared by the PDC sputtering system while samples XPS-
7 to XPS-10 were deposited by the URF sputtering system. The film thickness 
for all the prepared samples was kept fixed at 75 nm. For PDC sputtering, a 
power of 800 W (i.e., power density of 1.6 W/cm2) was applied at three 
conditions: room temperature (25 °C) sputtering in pure argon ambient (XPS-
4), room temperature sputtering with optimal mixture of oxygen (XPS-5), and 
the same condition at elevated temperature of 200 °C (XPS-6). For RF 
sputtering, a power of 100 W (power density of 1.2 W/cm2) was investigated 
at four conditions: room temperature sputtering in pure argon ambient (XPS-
7), room temperature sputtering with optimal hydrogen partial pressure (XPS-
8), and the same conditions at elevated temperature of 200 °C (XPS-9 and 
XPS-10). Table 4–4 summarises the detailed ITO deposition conditions. 
Table 4–4 Deposition conditions of ITO samples prepared by both PDC and 
















XPS-4 1.6 0 1.3 25 
XPS-5 1.6 O2/Ar = 2.4 1.3 25 
XPS-6 1.6 O2/Ar = 2.4 1.3 200 
URF 
XPS-7 1.2 0 5 25 
XPS-8 1.2 H2/Ar = 0.24 5 25 
XPS-9 1.2 0 5 200 
XPS-10 1.2 H2/Ar = 0.24 5 200 
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The optoelectrical properties of the prepared samples are listed in Table 4–5. 
All ITO films are colourless, except sample XPS-4 which shows a darkened 
appearance with a poor visible transmission (Tvisible) of 64.2%. The darkening 
of ITO has been observed for ITO films deposited in pure Ar ambient by PDC 
sputtering (see Chapter 3). The film resistivity of sample XPS-4 is also one 
order of magnitude higher than the other samples. When introducing a small 
amount of oxygen to the sputtering chamber (XPS-5), the film Rsheet drops to 
108 Ω/□ while the Tvisible increases significantly to 77.3%; meanwhile the 
carrier mobility (μC) jumped to 45.8 cm
2/Vs. The electrical properties improved 
further with substrate heating (XPS-6). 
The URF sputtered film has quite good quality when deposited in pure argon 
ambient (XPS-7), with both a high visible transmission of 82.5% and a high 
carrier mobility of 48.4 cm2/Vs. The resistivity and carrier mobility improved 
when a small amount of hydrogen gas is added into the sputtering chamber 
(XPS-8). Depositions with additional thermal heating (XPS-9 and XPS-10) are 
shown to increase the carrier concentration and to slightly reduce the carrier 
mobility with an overall improved film conductivity. Comparing with ITO films 
prepared by sputtering methods [22-24], the ITO films deposited by URF 
sputtering have higher electron mobility.  
Apart from the differences due to the deposition system and the discharge 
mode, the hydrogen contained in the sputtering gas is of crucial importance 
for producing high-performance ITO films. As can be seen, hydrogenated ITO 
films (XPS-8 and XPS-10) have high carrier mobility and comparatively low 
carrier concentration, both at room temperature and at 200 °C, than non-
hydrogenated ITO samples (XPS-7 and XPS-9). Besides, it is noticed that for 
URF sputtering, the depositions at room temperature and 200 ºC does not 
show a very significant difference in terms of ITO material properties 
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(however, a big difference in the solar cell performance is observed by using 
different ITO deposition temperatures, see Chapter 5).  






















 64.2 2.3 9.1 
XPS-5 108.3 8.1×10
-4
 77.3 1.6 45.8 
XPS-6 69.6 5.2×10
-4
 76.8 2.3 51.2 
XPS-7 67.9 5.1×10
-4
 82.5 2.6 48.4 
XPS-8 62.3 4.7×10
-4
 81.9 2.5 56.9 
XPS-9 41.5 3.2×10
-4
 82.5 4.4 44.7 
XPS-10 49.5 3.7×10
-4
 81.8 3.2 53.7 
 
XRD spectra of the ITO films prepared by both sputtering systems are 
presented in Figure 4–2. ITO films remain in amorphous state at all room 
temperature deposition conditions and only a small indication of preferred 
crystal orientation in the (222) plane is presented when the film is deposited 
at 200 °C. Very minor crystallinity difference is observed between the ITO 
films prepared by both systems.  
 
Figure 4–2 XRD spectra of ITO films prepared by (a) PDC and (b) URF 
sputtering.  
As shown in Table 4–6, in addition to the vanishing O III peak after surface 
cleaning, the drop of O II peak is also clearly notable; this indicates that less 
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In-O bondings in In2O3-x regions are present in the film bulk. Interestingly, it is 
found that sample XPS-4 has a low O II intensity, which indicates that there 
are only a small amount of oxygen vacancies contributing to free electrons. 
Therefore, the excess free electron carriers observed in sample XPS-4 may 
be contributed by cation interstitials [25]. These cation interstitials, namely In 
interstitials and Sn interstitials, are shallow donors and thus seem to be 
probable donors of free charge carriers. The interstitial atoms also contribute 
to the scattering defects, which result in low carrier mobility as observed in 
sample XPS-4. Compared to XPS-5, sample XPS-6 has a smaller O II 
intensity and a higher concentration of free electrons. The increased number 
of free electrons in sample XPS-6 could originate from the increased number 
of substitutional Sn atoms when ITO is deposited in a heated environment.  
By studying the percentage atomic ratio between the O 1s and In 3d5/2 peaks 
(represented as Otot/In), for all our ITO samples, the Otot/In ratios are smaller 
than the stoichiometric value of 1.70. A relatively higher Otot/In ratio is 
achieved at the surface layer which is due to the chemisorbed oxygen on ITO 
surfaces. This observation agrees well with that reported by other researchers 
[5, 26]. When comparing the oxygen peaks and the Otot/In ratios between 
PDC and URF sputtered films, not too many differences can be identified, 
even for the darkened sample. It is therefore believed that the poor optical 
transparency of sample XPS-4 is not caused by oxygen deficiencies, as 
suggested by Szörényi et al. [1]. Besides oxygen, it is found that the In/Sn 
ratios on ITO surfaces are smaller than the stoichiometric value of 9.8, and 
those in the ITO films are higher than the stoichiometric value. This 
observation confirms the conclusion reported by other researchers that Sn 
tends to segregate to grain boundaries, including the top surface of ITO films 
[27-30]. The PDC sputtered films are shown to have smaller In/Sn ratios than 
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those of the URF sputtered films, indicating a much more severe tin 
segregation issue.  
Table 4–6 Positions and relative strengths of the resolved peaks (O I, O II, O 
III) obtained according to the quantification data from the O 1s, In 3d5/2 and 





 Positions (eV) 
 





O I O II O III O I O II O III Otot/In In/Sn 
XPS-4 
Surface  530.0 531.4 532.1  47.9 35.0 17.1  1.56  8.79 
Film  530.1 531.4 -  92.6 7.4 -  0.93  14.31 
XPS-5 
Surface  529.9 531.4 532.3  51.9 31.0 17.1  1.48  8.59 
Film  529.6 531.1 -  86.1 13.9 -  1.02  11.29 
XPS-6 
Surface  529.8 531.4 532.2  52.0 29.5 18.5  1.58  8.24 
Film  529.8 531.1 -  89.8 10.2 -  0.96  12.25 
XPS-7 
Surface  530.0 531.5 532.3  53.2 31.8 15.0  1.54  9.90 
Film  529.9 531.3 -  85.9 14.1 -  0.97  15.90 
XPS-8 
Surface  529.9 531.6 532.5  49.7 39.3 11.0  1.63  10.00 
Film  529.9 531.2 -  90.0 10.0 -  1.00  13.05 
XPS-9 
Surface   530.0 531.6 532.3  59.5 27.4 13.1  1.47  8.87 
Film  530.2 531.5 -  86.8 13.2 -  0.93  13.13 
XPS-10 
Surface  529.9 531.6 532.5  52.9 32.7 14.4  1.52  9.13 
Film  529.9 531.2 -  91.4 8.6 -  0.94  13.83 
 
Based on the previous discussions, the darkening of sample XPS-4 can’t be 
due to the oxygen deficiency. The other possibilities, as reported in the 
literature, include the existence of In/Sn metallic atoms (due to the 
decompositions of oxygen [20]) or oxygen deficient Sn3O4 second phase [2]. 
To identify the source of the darkening effect, the fitting of both In 3d5/2 and 
Sn 3d5/2 spectral lines were applied. The best fitting of the In 3d5/2 peaks and 
Sn 3d5/2 peaks is achieved by using two adjacent peaks, of which the details 
are listed in Table 4–7. It is found that the ITO films deposited with substrate 
heating are shown to have higher Sn I peak intensity than the ITO film 
deposited at room temperature, which confirms that the Sn doping efficiency 
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is improved with the film crystallinity when the deposition is carried out at 
elevated temperature. 
In sample XPS-4, which shows a darkened appearance, there is no XPS 
peaks at binding energies of 443.6 and 484.5 eV which can be associated 
with the existence of metal phase In and Sn [31, 32]. Therefore the metal 
phase In or Sn is not the key factor that results in the opaque film. The most 
obvious difference between sample XPS-4 and the other samples is the 
existence of Sn I peak only in both the surface and the bulk of the coating film. 
Although only sample XPS-4 is severely darkened, it is also noticed that the 
visible transmissions of sample XPS-5 and XPS-6 are relatively lower than 
those of the URF sputtered ITO films, as shown in Table 4–5.  
Table 4–7 Positions and relative strengths of the resolved peaks (In I & In II 
and Sn I & Sn II) obtained according to the quantification data from the In 





In surface In film Sn surface Sn film 
In I In II In I In II Sn I Sn II Sn I Sn II 
XPS-4 
eV 444.5 445.5 444.6 445.6 486.4 - 486.4 - 
% 83.5 16.5 83.3 16.7 100 - 100 - 
XPS-5 
eV 444.5 445.6 444.3 445.4 486.5 - 486.5 487.4 
% 85.0 15.0 80.5 19.5 100 - 61.5 38.5 
XPS-6 
eV 444.4 445.5 444.3 445.1 486.4 - 486.1 486.8 
% 83.3 16.7 70.8 29.2 100 - 75.9 24.1 
XPS-7 
eV 444.5 445.4 444.5 445.7 486.3 487.4 486.1 487.1 
% 80.9 19.1 85.5 14.5 77.5 22.5 72.7 27.3 
XPS-8 
eV 444.4 445.5 444.4 445.2 486.2 487.2 486.1 486.9 
% 84.7 15.3 77.7 22.3 71.2 28.8 81.0 19.0 
XPS-9 
eV 444.4 445.4 444.7 445.6 486.3 487.4 486.4 487.3 
% 78.7 21.3 75.3 24.7 69.1 30.9 77.3 22.7 
XPS-10 
eV 444.4 445.4 444.4 445.3 486.2 487.3 486.2 487.1 
% 86.0 14.0 76.7 23.3 69.1 30.9 85.3 14.7 
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Excluding the other possibilities, the darkening of ITO is most probably 
related to the presence of “abnormal” Sn4+ bonding states, as the Sn I peak is 
the only peak that can be observed in the darkened ITO film. According to 
Fan et al. [2], in the presence of the oxygen vacancies, the Sn-rich regions 
could nucleate a Sn3O4-like phase. At high deposition temperature and low 
deposition rates, the atomic mobilities are high enough relative to film growth, 
therefore any second phase will only be ejected to the surface layer. The film 
should exhibit a Sn-rich surface layer but remain clear. While with a high 
degree of oxygen deficiency and a low deposition temperature, the film 
growth rate may be faster than the rate at which a second phase forms and 
migrates in the host structure, in this case, the films would have a Sn-rich 
second phase dispersed through the bulk which darkens the ITO films.  
Therefore the darkening of ITO is most probably related to the existence of 
Sn3O4 second phase. As shown in Figure 4–3, when Sn3O4 second phase 
only exist on the surface, the sample remains clear with only a small impact of 
visible transmission, such as samples XPS-5 and XPS-6. When Sn3O4 
second phase is trapped inside of the film bulk, the film is darkened as 
observed for sample XPS-4. In addition to the influence on the film trans-
mission, it is suspected the Sn3O4 second phase could also degrade the 
electrical properties. A low electron mobility of 9.1 cm2/Vs is observed in 
sample XPS-4, which is probably due to the existence of massive scattering 
centres in the darkened ITO films. The reason for the observed darkening 
effect may be associated with the different deposition rates, since the PDC 
sputtering method deposits films with a much faster speed, there is a high 
possibility that some second phase Sn3O4 is trapped and darkens the ITO film 
when there is no additional oxygen supply.  
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Figure 4–3 XPS spectral lines of Sn 3d5/2 observed in the ITO films 
prepared by PDC sputtering method 
Besides the darkening of the ITO observed in sample XPS-4, the hydro-
genated samples (XPS-8 and XPS-10) are shown to have smaller relative 
strengths of both O II and Sn II peaks than those of the non-hydrogenated 
samples (XPS-7 and XPS-9), as shown in Figure 4–4. As discussed, the O II 
peak refers to the states that are related to the free charge carriers generated 
by oxygen vacancies; therefore the free electrons contributed by the oxygen 
vacancies in the hydrogenated ITO samples are reduced. Since the overall 
carrier concentrations are reduced for the hydrogenated samples, it is sus-
pected that the increase of the Sn I composition does not contribute to 
effective doping, instead, neutral defects are formed with oxygen vacancies 
which have a minor scattering effect [6, 33].  
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Figure 4–4 XPS spectral lines of (a) O 1s and (b) Sn 3d5/2 observed in the 
ITO films prepared by URF sputtering method. The relative ratios of the O II 
and Sn II peaks are labelled accordingly in each figure. 
Based on the above analysis, it is concluded that hydrogen reduces the 
number of oxygen vacancies and inactive Sn atoms in the films. The reduced 
number of charged defects leads to a reduction of scattering centres, which in 
turn reduces the carrier concentration and improves the carrier mobility. Due 
to the low doping efficiency of Sn in ITO, the dominant donors of charge 
carriers in amorphous ITO films are the oxygen vacancies. Apart from a small 
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fraction of the tin atoms that function as electron donors, the majority of the tin 
atoms are electrically inactive.  
4.4 Summary 
In this chapter, the XPS analysis method was used to explain the material 
property differences at different deposition conditions. By using XPS analysis, 
it revealed that with increasing deposition power, the concentrations of the 
oxygen vacancies and substitutional Sn atoms also increase. As a result, the 
ITO films deposited at high powers have a larger density of free electrons and 
thus reduced film resistivity. However, owing to the increased number of 
scattering centres formed by the charged donors, the carrier mobility of the 
ITO films is hindered for depositions with high discharge powers. By using the 
XPS analysis method, it was found that the darkening of ITO does not 
originate from the metal phase of In and Sn, but is rather due to the presence 
of second phase Sn3O4. The second phase Sn3O4 is dispersed both on the 
surface and in the film bulk, which impedes the optical and electrical 
properties of the ITO films. Additionally, it was demonstrated that by adding 
hydrogen gas in the sputtering chamber, the intensities of O II and Sn II 
peaks are reduced. This leads to the reduction of charge carriers and thus the 
decrease of the scattering centres (by probably forming of neutral defects) in 
the film. Therefore the hydrogenated ITO samples have higher electron 
mobility compared to those of non-hydrogenated samples.  
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Chapter 
5 Application of ITO Films in HET Solar Cells 
 
5.1 Introduction 
In previous chapters, the investigations of ITO properties were performed on 
ITO films grown on glass substrates. Compared with those reported in the 
literature [1-3], the ITO films prepared by the PDC and URF sputtering 
methods are shown to have comparable electrical conductivity and optical 
transparency. However, the influence of ITO films in HET solar cells is not 
only determined by the ITO material properties, but also the influence of the 
ITO deposition process on the properties of the heterojunction and its 
adaptability with the doped a-Si:H films and the metal grid. Sputter damage is 
one of the most recognised damages caused by the ITO deposition process. 
It is generally believed that during the ion bombardment sputtering process, 
the transfer of energy from ions to the substrate will create defects in the c-Si 
network and deteriorate the c-Si surface passivation provided by a-Si:H [4]. 
Hence, an inappropriate ITO deposition process can severely limit the 
efficiency of the HET solar cell. Some earlier studies have identified the two 
main mechanisms that are associated with the sputtering damage, namely 
the ion bombardment damage and the plasma luminescence damage [5]. In 
the literature, it is also demonstrated that the sputter damage can be 
gradually recovered through thermal annealing [6].  
In the following, the sputter induced damages are first investigated by 
studying the influence of the sputter process on the effective carrier lifetimes 
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of the samples. The mechanisms that lead to sputter damage are explored 
and quantified. The influences of the ITO deposition process on the 
performance of HET solar cells are then investigated based on the optimised 
ITO deposition conditions developed in Chapter 3. HET solar cells were 
fabricated using half-processed precursors with different ITO deposition 
parameters. Since all the other process steps were carried out using identical 
conditions for all the prepared samples, the observed differences in device 
performance can be attributed to the ITO layer. To better understand the loss 
mechanisms behind the different performances of the fabricated HET solar 
cells, detailed loss analyses of the FF and the EQE of the solar cells were 
performed.  
5.2 Influence of sputter damage on the passivation quality4 
As reported in the literature [5, 7, 8], the ITO deposition process can introduce 
unwanted sputter damage to the intrinsic a-Si:H passivation layer, which can 
be monitored by the decrease of the effective carrier lifetime of the sample 
before and after the ITO deposition process. In this section, the sputter 
damages are first studied using symmetrical a-Si:H double-side-coated carrier 
lifetime samples. The intrinsic a-Si:H films (24 nm on either side) were 
deposited on 5 inch, 140 μm thick n-type Cz silicon wafers (3 Ωcm resistivity, 
planar surface) using a commercial PECVD deposition reactor (Singular-HET, 
Singulus Technologies). Both PDC and URF sputtering methods are used 
and compared at optimised deposition conditions at room temperature. The 
details of the deposition process are listed in Table 5–1. 
                                               
4
 Parts of the results of this section have been published in the following journal paper: 
M. Huang, Z. Hameiri, A. G. Aberle, and T. Mueller, "Comparative study of indium 
tin oxide prepared by pulsed-DC and RF magnetron sputtering at low temperature 
and low power conditions," Vacuum, vol. 119, pp. 68-76, 2015. 
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Table 5–1 Deposition conditions of ITO films by PDC and URF sputtering for 











Film thickness  
(nm) 
PDC 1.6 O2/Ar = 2.4 1.3 80 
URF 1.2 H2/Ar = 0.24 5 80 
 
Before ITO deposition, the lifetime samples were annealed in a furnace in air 
ambient for 15 min at 200 °C to re-activate the passivation by hydrogen 
assisted relaxation [9, 10]. The effective carrier lifetime of the samples was 
measured by a photoconductance-based lifetime tester after the thermal 
annealing, as well as after double-side ITO coating [11, 12]. The samples 
were then dipped in a hydrochloric (HCl) acid bath (approx. 0.5% by volume) 
for 30 to 60 s until the ITO coating was fully etched away. Afterwards, the 
sample was dried with a nitrogen gun followed by a second thermal annealing 
process to recover the lifetime. The effective lifetime change between the two 
thermal annealing steps is associated with the sputter damage caused by the 
ITO deposition process. It is well known that electrons, neutrals and other 
charged particles (such as oxygen radicals) bombardment, as well as plasma 
luminescence, can damage the passivation quality of intrinsic a-Si:H layers [5, 
6]. In order to separate the damage that is caused by plasma luminescence, a 
reference sample was included in each group which was covered by a 1 mm 
thick quartz glass pane during ITO sputtering. By doing so, no particle 
reaches the a-Si:H surface during ITO deposition; thus the lifetime drop of the 
reference sample is only contributed by the plasma luminescence damage.  
Representative samples with similar effective carrier lifetime (800 μs at an 
excess carrier concentration of 1×1015 cm-3 after the first thermal activation) 
were chosen for sputter damage investigations. The lifetime curves are 
presented in Figure 5–1 (for PDC) and Figure 5–2 (for URF). The stated 
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numbers in both figures are the effective lifetimes at an excess carrier 
concentration of 1×1015 cm-3. A significant drop of the effective lifetime (to the 
range of 100 μs) of the test samples was observed after double-side ITO 
coating by both sputtering methods. The lifetime recovers to ~65% of its 
original value after the second thermal annealing. The reference samples are 
shown to have different degrees of plasma luminescence induced damage: 
for PDC sputtering the lifetime drop in the reference sample is minor and the 
damage can be almost fully recovered after annealing; whilst for URF 
sputtering, the lifetime drop in the reference sample is quite significant, which 
is hard to be recovered via annealing. The above observations indicate that 
for PDC sputtering, the ion bombardment damage dominates; in contrast, for 
URF sputtering, the light-induced damage from the plasma is the main origin 
of the sputter damage. 
 
Figure 5–1 Sputter damage investigation of PDC sputtered ITO (a) on a test 
lifetime sample and (b) on a reference sample shielded with a glass pane. 
 
Figure 5–2 Sputter damage investigation of URF sputtered ITO (a) on a test 
lifetime sample and (b) on a reference sample shielded with a glass pane.  
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The differences of sputter damage may be attributed to the differences of the 
target voltages and current density: as mentioned in Chapter 3, for PDC 
sputtering, a high target voltage (240 V) accelerates the electrons or ionic 
particles towards the coating surface (8 cm away from the target) which 
dislocates atoms through collisions with the atoms on the surface of the 
passivation layer, which then induce atoms displacement and generate 
defects along the ion penetration path in the coating film [4]. This part of ion 
bombardment damage, as shown in Figure 5–1, can only be partially 
recovered through annealing. However, for URF sputtering, the target voltage 
is much lower (112 V) with an extended target-to-substrate distance of around 
15 cm. Hence relatively low energetic ions are reaching the coating substrate 
and only minor bombardment damage occurs, which is easy to be healed 
during the subsequent annealing process [13]. Although the detrimental role 
of ion bombardment to the surface passivation layer is still under debate, it is 
commonly accepted that these ion induced defects are typically limited to the 
transfer of ion kinetic energy to the silicon network [4].  
Besides the damage caused by ion bombardment, plasma-induced defects 
are also reported to deteriorate the passivation quality of the a-Si:H layer. 
According to the literature [4, 6], the damage caused by plasma luminescence 
is due to the creation or activation of deep defects (most likely the Si dangling 
bond) at the interface of a-Si:H and c-Si by UV or visible radiation. In this 
investigation, the plasma luminescence damage is more clearly presented for 
samples prepared by URF sputtering. It is found that the effective lifetime of 
the reference sample (851 μs) drops to half of the original value (417 μs) after 
ITO deposition [with a shielding glass pane – see Figure 5–2(b)] and it is not 
fully recovered by annealing at 200 °C for 15 minutes. In contrast, the plasma 
luminescence damage on PDC sputtered samples is very minor [Figure 5–
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1(b)], and the damage can almost be fully recovered via thermal annealing.  
The ionisation of magnetron sputtering process generates UV light within the 
plasma region. A dense plasma will be formed in the target region due to the 
increased ionisation efficiency. In contrast to the normal magnetron sputtering 
method, the unbalanced magnetron normally implies a high flux (> 2 mA/cm2) 
with relatively low-energy ions (low target voltage) to form dense films with 
low ion bombardment. Due to the extended magnetic field lines, the 
secondary electrons are no longer confined to the target region; instead, 
these electrons flow out towards the substrate, resulting in an extended 
plasma region towards the substrate [14]. High-energy photons will thus have 
a higher probability to interact with the passivation layer on the substrate, 
thereby creating an increased number of dangling bonds and hence reducing 
the passivation quality. 
In addition to the quantitative analysis of the effective lifetime changes, the 
sputter damage to the amorphous layer was also investigated by high-
resolution TEM. As shown in Figure 5–3, after ITO deposition by both 
sputtering methods, epitaxial silicon is grown near the interface of the a-Si:H 
layer and the c-Si wafer substrate. For the PDC sputtering method, the 
epitaxial silicon is well extended to the regions very near to the ITO/a-Si:H 
interface [Figure 5–3(a)], whilst for URF sputtering the epitaxial silicon exists 
only in the region closer to the a-Si:H/c-Si interface [Figure 5–3(b)]. The areal 
difference of the epitaxial layer may imply that the particle bombardment is 
the main cause for the formation of large volumes of epitaxial silicon [small 
volumes of epitaxial silicon are observed before ITO coating, as shown in 
Figure 5–3(c)]. Besides the epitaxial regions, diverse features of the 
amorphous layer exist. After ITO deposition by the URF method, the 
amorphous layer is more distorted and has larger features. This may be due 
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to the increased number of dangling bonds created by the plasma 
luminescence, or because of hydrogen out-diffusion in between of the a-Si:H 
film and the hydrogenated ITO film. 
 
Figure 5–3 TEM images of sputter damage due to ITO coating by (a) the 
PDC and (b) the URF sputtering method, and (c) a reference sample with no 
ITO coating (i.e., free from sputter damage). 
5.3 Influence of ITO on the performance of HET solar cells5 
In Section 5.2, the mechanisms of the plasma induced damages were studied 
based on intrinsic a-Si:H carrier lifetime samples. In this section, the influence 
of the ITO deposition conditions is investigated using HET solar cell struc-
tures. The investigation was based on HET solar cell precursors which were 
fabricated by CSEM (Swiss Centre for Electronics and Microtechnology, 
Switzerland). The precursors were all processed on 5-inches wide pseudo-
square (area of 148.6 cm2) random-pyramid textured n-type Cz c-Si wafers 
with a resistivity of 2.5 Ωcm and an initial thickness of 160 μm. The first group 
of precursors has the basic structure shown in Figure 5–4(a). The second 
group of precursors has an optimised ITO film on each surface of the base 
structure, as shown in Figure 5–4(b). All the samples have a rear-emitter 
configuration, i.e., the hole collector (p-type a-Si:H) is located at the rear 
surface.  
                                               
5 The PDC sputtering tool was not available during the time of these experiments 
(June 2014 until Dec 2015). Based on the previous investigations, the URF method 
can provide a good reference. 
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Figure 5–4 Schematics of (a) the basic precursor structure and (b) the 
precursors with ITO coatings on both sides.  
The initial characteristics of the precursors are summarised in Table 5–2. The 
effective carrier lifetime of the precursors without ITO coating is in the range 
of 2.9–3.1 ms at an excess charge carrier concentration of 1×1015 cm-3 
(implied VOC of 0.738–0.743 V, extracted at one-sun illumination). These 
precursors are used for ITO optimisation in the URF sputtering tool. The 
effective carrier lifetime of the precursors with ITO films is in the range of 0.8–
1.2 ms (implied VOC of 0.713–0.724 V), which function as the reference 
samples. Comparing the two groups of precursors, it follows that the ITO 
deposition conditions (by DC sputtering) used for the reference samples lead 
to a notable reduction of the effective carrier lifetime and the implied VOC. If 
the same degree of sputter damage is experienced in URF sputtering, the 
samples after ITO coating are expected to have similar effective lifetime and 
implied VOC as compared to the reference samples. 
Table 5–2 Characteristics of precursors with and without ITO layer. 
 Precursors without ITO Precursors with ITO 
Sample ID HET-1–HET-6 Reference samples (Ref) 
Effective lifetime (ms) 2.9–3.1 0.8–1.2 
Implied VOC (V) 0.738–0.743 0.713–0.724 
 
As discussed in Chapter 3, in the URF system, high-quality ITO films can be 
easily achieved in pure Ar ambient at room temperature. The quality of the 
ITO thin films can be slightly improved using diluted hydrogen gas at elevated 
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deposition temperatures. In this chapter, the investigation was based on the 
optimised sputtering condition (100 W, 5 mTorr) with only a small variation of 
the gas ambient and the deposition temperature. Kapton tape from 3M was 
taped at the edge of the rear side (about 1 mm wide stripe) during the ITO 
deposition, to mechanically isolate the front and rear surface and prevent 
shunting paths via the edges. Due to the low thermal stability of tape polymer, 
the Kapton tape is limited to process temperatures of 170 ºC; therefore the 
rear side ITO films were deposited below 150 ºC substrate temperature. The 
ITO films of sample HET-1 were grown in pure Ar ambient at room 
temperature. The ITO films of samples HET-2 to HET-4 were prepared at 150 
ºC, in pure Ar ambient (HET-2), hydrogen diluted Ar ambient (HET-3), and 
separate gas ambient on either side (HET-4), respectively. An obvious 
increase of the ITO sheet resistance (to > 100 Ω/□) was observed when the 
rear ITO was deposited with hydrogen gas, due to the severe drop of the free 
electron concentration. Therefore the rear ITO films in samples HET-5 and 
HET-6 were deposited at 150 ºC in pure Ar ambient, while the front ITO films 
were deposited at 200 ºC in either pure Ar ambient (HET-5) or hydrogen 
diluted Ar ambient (HET-6). The initial characteristics of the precursors and 
the ITO deposition conditions are summarised in Table 5–3.  
Table 5–3 Precursor properties and ITO deposition conditions in the URF 
sputtering tool used for HET solar cell structures. 
Sample 
ID 

















HET-1  2.9 0.739 RT 0 955 RT 0 13010 
HET-2  2.9 0.743 150 0 955 150 0 13010 
HET-3  3.0 0.738 150 0.24 955 150 0.24 13010 
HET-4  3.0 0.741 150 0.24 955 150 0 13010 
HET-5  3.1 0.742 200 0 955 150 0 13010 
HET-6 3.0 0.742 200 0.24 955 150 0 13010 
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The deposition time of an 80 nm thick ITO film on a textured c-Si wafer 
substrate is expected to be around 1.7 times longer than for a planar glass 
pane. This factor is due to the 70% larger surface area of a pyramid-textured 
c-Si wafer compared with a planar substrate. However, the actual ITO 
thickness observed by SEM on a textured c-Si wafer is in the 90–100 nm 
range. This shows that ITO films grow in a much faster manner on a textured 
c-Si wafer substrate (due to faster growth rate of ITO film on c-Si wafer). The 
TEM image of an ITO film deposited onto a c-Si substrate at room 
temperature is shown in Figure 5–5(a). Three different crystal directions are 
present within a small region (30 × 30 nm2), confirming that a polycrystalline 
ITO film had formed at room temperature. However, the XRD spectrum in 
Figure 5–5(b) shows that an ITO film of amorphous nature is obtained on 
glass substrate at the same deposition conditions. Due to the increased grain 
boundary scattering in polycrystalline ITO films, a smaller carrier mobility and 
an increased concentration of free electrons are expected in the ITO coating 
on the c-Si wafer substrate.  
 
Figure 5–5 (a) TEM image of an ITO thin film grown on a c-Si wafer. (b) 
Measured XRD spectrum of an ITO film grown on a glass substrate using the 
same sputtering conditions. 
The characterisation of ITO films relies on the glass reference samples, which 
were co-sputtered with the ITO films on c-Si wafers. The properties of the ITO 
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films grown on reference glass substrates are characterised to have an 
electron mobility of 30–50 cm2/Vs and a free carrier concentration of around 
(2–5)×1020 cm-3, resulting in a sheet resistance in the range of 45–70 Ω/□ for 
100 nm film thickness. Slightly better electrical properties were achieved with 
hydrogen dilution for ITO films deposited at an elevated temperature onto the 
front side; while on the rear side, the ITO films deposited in pure Ar ambient 
with substrate heating of 150 ºC had the best film conductivity. In agreement 
with the results of Chapter 4, the ITO film deposited with hydrogen gas (or at 
room temperature) is found to have a smaller density of free charge carriers 
compared to the film deposited in pure Ar ambient (or at an elevated 
temperature). Considering the different film growth mechanisms on glass and 
on c-Si wafer, the properties measured from reference glass samples do not 
reflect the actual ITO properties in a solar cell structure. Therefore the 
influence of the ITO deposition conditions is investigated based on the 
performance of the solar cells, as discussed in the following. 
The sputter damage was monitored by the change of the effective carrier 
lifetime before and after ITO deposition. As shown in Figure 5–6 and Figure 
5–7, the effective carrier lifetime and implied VOC are compared between 
different deposition conditions and at an excess charge carrier concentration 
of 1×1015 cm-3 in the c-Si wafer. Each sample was measured at 30 different 
positions. The precursors with ITO coating are shown as the reference 
sample (presented as Ref in Figure 5–6 and Figure 5–7). Excluding sample 
HET-1, the samples deposited with substrate heating are shown to have 
effective lifetimes of above 1 ms and an implied VOC of 0.71–0.74 V. No clear 
difference is observed between the samples deposited with hydrogen gas and 
those deposited in pure Ar ambient. Comparable effective lifetime and implied 
VOC values are achieved by the prepared samples and the reference samples, 
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indicating that the sputter damage caused by the URF sputtering method 
leads to a similar degree of effective lifetime degradation compared to the 
sputtering method used for the reference samples.  
 
Figure 5–6 Effective carrier lifetime of the precursors after ITO deposition at 
different conditions. Each sample was measured at 30 different positions. 
 
Figure 5–7 Implied VOC of the precursors after ITO deposition at different 
conditions. Each sample was measured at 30 different positions. 
The front and rear metallisation of the solar cells was done in CSEM. The rear 
electrode of the HET solar cells is based on a 150 μm thick silver layer 
sputter-deposited onto the rear ITO layer. The front metal grid was screen 
printed, using low-temperature curing silver paste with sixty 90 μm wide 
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fingers and four 750 μm wide busbars, all with a mean height of around 35 
μm. To dry the paste after printing, the samples were cured at 190 °C for 20 
minutes in air ambient. Images of the finished solar cell and a screen-printed 
metal finger and busbar are shown in Figure 5–8.  
 
Figure 5–8 Plan view of the front grid and 3D optical microscope image of a 
screen-printed finger and busbar using low-temperature curing silver paste. 
SEM images of a screen-printed metal finger are shown in Figure 5–9. The 
conductivity of the finger is provided by small silver nanoparticles with sizes in 
the range of 0.1–0.5 μm. Due to the low curing temperature, the silver 
nanoparticles are not formed in crystallites, and therefore a higher line 
resistance of the metal fingers is expected in HET solar cells. 
 
Figure 5–9 SEM images of the metal finger line screen printed with low-
temperature curing silver paste. 
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To exclude the influences due to RS [15], the completed solar cells were firstly 
characterised by Suns-VOC measurements. As presented in Table 5–4, the 
VOC, pFF and pη of the prepared samples are quite similar. Slightly better 
performances are achieved by samples HET-3 and HET-4 which have a pη of 
above 21.5%. Sample HET-1, which has the most severe sputter damage, is 
found to have similar characteristics as the other samples, indicating that the 
sputter damage leads most likely to an increase of RS. A variation of the J02 
values is observed between the samples, which implies that the ITO 
sputtering process may have an impact on the J02 recombination loss; this, 
will be discussed later in the FF loss analysis section.  
Table 5–4 One-sun VOC, Vmpp, pFF and pη of HET solar cells prepared with 
different ITO deposition conditions. 
Sample ID One-sun VOC (V) Vmpp (V) pFF (%) J02 (A/cm
2
) pη (%) 
HET-1 0.723 0.641 79.9 1.3×10
-8 
21.2 
HET-2 0.723 0.636 79.6 1.6×10
-8
 21.1 
HET-3 0.726 0.643 81.0 9.0×10
-9
 21.7 
HET-4 0.728 0.641 81.0 8.5×10
-9
 21.6 
HET-5 0.727 0.634 79.0 1.2×10
-8
 20.9 




The completed solar cells were then characterised by the I-V tester. The I-V 
characteristics of the solar cells are shown in Figure 5–10 while the detailed 
results are summarised in Table 5–5. Among these samples, the lowest VOC 
was obtained by sample HET-1. It is noted that the VOC of sample HET-1 is 
higher than the implied VOC value shown in Figure 5–7. Besides the possible 
influence of spectral differences between the two light sources and 
measurement uncertainties, this voltage gain may imply that some of the 
sputter damage was recovered during the curing process of the silver paste. 
The other samples with ITO films deposited with substrate heating have a VOC 
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of above 720 mV, which indicates that the sputter damage is not a limiting 
factor of the VOC in these samples.  
 
Figure 5–10 I-V characteristics of the prepared HET solar cells. 
The RS of the completed solar cell is calculated at the maximum power point 
by dividing the voltage difference between the J-V curve at one-sun 
illumination and the pseudo J-V (measured from Suns-VOC, as shown in Table 
5–4) by Jmpp [15]. The RSH is obtained by linearly fitting (Ohm’s Law) of the I-V 
curve near the short-circuit region. The obtained RSH values of the prepared 
solar cells are so large that they do not significantly influence the solar cell 
performance. The RS is shown to have a big variation among the solar cells, 
and is higher than that of the HET solar cells reported in the literature (around 
1 Ωcm2) [15]. 
The ITO films for solar cells HET-2, HET-3 and HET-4 were all deposited at 
150 ºC, in either hydrogen diluted Ar ambient or pure Ar ambient. Comparing 
these samples, it follows that the best solar cell performance is achieved by 
HET-4, for which the front ITO film was deposited in hydrogen diluted Ar 
ambient while the rear ITO was deposited in pure Ar ambient. This sample is 
shown to have the lowest RS and the highest FF among the three samples. In 
contrast, the highest RS and the lowest FF are observed for sample HET-3, 




Application of ITO Films in HET Solar Cells 
for which the double side ITO films were deposited in hydrogen diluted Ar 
ambient. It is still unclear why a high RS value is achieved in HET solar cell 
when hydrogenated ITO film is deposited on p-type a-Si:H; this is probably 
due to the big contact barrier formed between p-type a-Si:H and the ITO film 
due to the smaller ITO work function achieved at this condition. It is found that 
the hydrogen gas used for the front ITO film improves the solar cell 
performance, see samples HET-4 and HET-2.  
Additionally, in samples HET-5 and HET-6, the front ITO films were deposited 
with a higher temperature (200 ºC) than for samples HET-2 and HET-4 (150 
ºC), while the rear ITO films were all deposited at 150 ºC in pure Ar ambient, 
see Table 5–3. A smaller RS is observed for HET-5 and HET-6 than for 
samples HET-2 and HET-4, respectively, indicating that the ITO lateral 
conductance can be slightly improved at a higher process temperature (same 
as that observed in Chapter 3). The one-sun performance results of the 
investigated solar cells are listed in Table 5–5. As can be seen, the best 
efficiency (19.7%) is obtained by solar cell HET-4. 
Table 5–5 One-sun performance of the HET solar cells with different ITO 
deposition conditions.6 
























HET-1 36.72 720.8 65.8 17.4 530.3 32.8 3.38 2510 
HET-2 36.68 724.0 71.2 18.9 571.3 33.1 1.96 4980 
HET-3 36.83 726.9 68.5 18.3 547.5 33.5 2.85 4960 
HET-4 36.56 728.2 73.8 19.7 587.4 33.5 1.60 3890 
HET-5 36.36 726.2 72.7 19.2 585.8 32.8 1.47 7180 
HET-6 36.30 727.3 74.2 19.6 589.3 33.3 1.46 4820 
 
                                               
6
 I-V measurements were done by CSEM. 
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As discussed in Chapter 3, when the annealing temperature is above the 
crystallisation temperature of the amorphous ITO (170 ºC), ITO films with low 
crystallinity will have increased film resistivity after annealing and such 
degradation is more severe when the samples are annealed for a long time. 
For the used curing conditions of 190 ºC for 20 minutes, the sheet resistance 
of the ITO layer is expected to be slightly increased. The sheet resistance of 
the front ITO electrode is in the range of 55–100 Ω/□, as determined with the 
transmission line measurement (TLM) method. Based on the numerical 
analysis method used in Ref. [15], it is found that the RS loss in the TCO layer 
contributes 0.23 Ωcm2 to the sample’s total RS (if an ITO sheet resistance of 
65 Ω/□ is used in the calculation). The lateral conductance of the ITO is 
typically of around 100 Ω/□ [16], and thus it is not the main contributor to the 
RS of the solar cell.  
For the resistive loss in the metal grid, only the losses through the fingers and 
the busbars are considered (as a full-area metal contact is formed at the rear, 
which has negligible ohmic losses). By measuring the resistance between two 
neighbouring busbars, the finger line resistance can be extracted. The 
experiment gave values in the range of 1.47–1.50 Ω/cm. Thus, the sheet 
resistance of a 90 nm wide finger is calculated to be 13.3 Ω/□ (a line 
resistance of 1.48 Ω/cm is used in the calculation). Similar to the TCO 
analysis [15], it was found that the current conduction loss through fingers 
and busbars contributes 0.45 Ωcm2 to the total RS of the cell. This contribution 
can be further reduced to 0.17 Ωcm2 if fifty-five 120 μm wide fingers are used. 
The present metallisation scheme (e.g., finger and busbar widths) should be 
further improved in order to reduce the resistive losses in the metal grid to a 
state-of-the-art level. 
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Based on the above numerical analysis, the ohmic losses in the ITO film and 
the front metal grid contribute 0.68 Ωcm2 to the device’s total RS. Accounting 
for an additional bulk resistance contribution (around 0.04 Ωcm2), the overall 
losses through the above three factors (TCO, metal grid and wafer bulk) sum 
up to a RS value of 0.72 Ωcm
2. This calculated value is still far below the 
measured RS value. Thus, the major contributor to RS is assumed to be due to 
(a) high resistive native oxide layer formed on the surfaces of the precursors 
when the samples are exposed to air ambient (due to the shipping of the 
samples from overseas); (b) the highly resistive region formed at the 
ITO/doped a-Si:H interface (due to sputtering-induced damage [17]), which 
increases the contact resistance; (c) the depletion/inversion layer formed with 
p-type a-Si:H, due to the large difference between the actual work function of 
the ITO film (4.3–4.4 eV) and the optimal value of 5.2 eV [18]; (d) the non-
uniform RS distribution across the sample, including the influence of the ITO 
inhomogeneity and the resistive loss due to broken metal fingers (easier to 
occur in thin metal lines). 
Besides the high RS values, relatively low FFs below 75% are obtained for all 
prepared samples. Furthermore, a large variation is observed between the 
samples. By conducting a FF loss analysis on these samples, it is possible to 
identify the major loss mechanisms that significantly impact the FF of the 
solar cells. The J-V curve of the champion cell (HET-4) is shown in Figure 5–
11. Compared with the ‘ideal’ J-V curve of the cell (same JSC and VOC but 
negligible influence of ohmic and J02 recombination losses), a clear FF 
difference is observed. The ideal diode describes the recombination 
currents in the quasi-neutral bulk and at the cell surfaces, which is the 
analytical upper limit of FF set by first diode (J01) recombination.  
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Figure 5–11 Current and power output of sample HET-4 vs. the cell voltage. 
The solid curves are measured, the dotted curves represent the 
characteristics for a negligible influence of ohmic and J02 recombination 
losses. 
Based on the loss analysis method used in Ref. [15], the FF loss can be 
quantified by different loss mechanisms based on a two-diode model. The 
FF limited by J01 is referred as FF-J01, which is the upper limit of the FF 
which the solar cell can potentially achieve. This limit corresponds to a 
dominating first diode recombination loss and negligible losses due to J02 
recombination and ohmic effects. The J02 recombination is most 
commonly attributed to Shockley-Read-Hall (SRH) recombination in the 
space charged regions of the cell [19], recombination at the cell edges, 
and localised regions with a high defect density [20-22]. In the used 
method, the J02 refers to all recombination currents which do not follow the 
ideal-diode behaviour (the ideality factor n2 is defined as a variable). This 
method is capable to quantify the loss contributions due to RS, RSH and J02.  
Table 5–6 presents the FF analysis results for the prepared HET solar 
cells. It shows that among the three main FF loss mechanisms, the 
influence of the RSH is negligible while the shares contributed by RS effects 
and J02 recombination dominate. The FF loss due to the RS is more 
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pronounced in cells HET-1 and HET-3, i.e. when the ITO was deposited 
either at room temperature or with hydrogen gas on top of p-type a-Si:H. A 
slight improvement of the FF is observed if the front ITO (i.e., on top of n-type 
a-Si:H) was deposited with hydrogen gas or at a temperature above 200 ºC. 
By comparing the ∆FF-RS (FF loss due to RS) with ∆(pFF-FF) (FF difference 
between Suns-VOC measurement and I-V measurement), only a small 
difference is observed if one includes the measurement uncertainty. The J02 
recombination loss may partly be due to the defects in the layered structure 
before ITO deposition, and partly due to the defects generated during the 
sputtering process. The ∆FF-J02 loss correlates well with the J02 values 
obtained by Suns-VOC measurements, as shown in Table 5–4.  
Table 5–6 FF loss analysis of the fabricated samples. 
Sample 
ID 
FF FF-J01 ∆FF-RS ∆FF-RSH ∆FF-J02 ∆(pFF-FF) 
   (%)   
HET-1 65.8 85.0 13.72 0.62 4.85 14.1 
HET-2 71.2 85.0 8.07 0.31 5.46 8.4 
HET-3 68.5 85.1 11.95 0.31 4.32 12.5 
HET-4 73.8 85.1 6.73 0.40 4.14 7.2 
HET-5 72.7 85.1 5.99 0.21 6.17 6.3 
HET-6 74.2 85.1 6.14 0.32 4.42 6.5 
 
To exclude the optical loss due to the metal grid, the EQE and reflectance are 
measured in the “effective region” between two neighbouring fingers (the 
same measurement positon was used on all investigated samples). Due to 
the different ITO layer thicknesses and different free charge carrier properties, 
the EQE and ‘1 - reflectance’ spectra of the prepared solar cells have quite 
obvious differences, as shown in Figure 5–12. It reveals that the ITO films 
with higher electron concentration (HET-5 and HET-6) have a lower EQE 
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performance in the NIR region, which is due to the increased free electron 
absorption in the ITO films.  
 
Figure 5–12 EQE curves (solid lines) and 1 - reflectance curves (dashed 
lines) of the prepared solar cells with ITO layers prepared at different 
conditions.  
By using the method proposed in Ref. [23], the area in between of the ideal 
EQE spectrum and the actual EQE spectrum is divided into smaller regions 
according to the major loss mechanisms. The area differences are then 
converted to a JSC loss in the unit of mA/cm
2, which shows how much solar 
cell current is actually lost through each loss mechanism. In Figure 5–13 and 
Figure 5–14, the EQE losses of the champion cell HET-4 are shown. The top 
two loss mechanisms of this cell are the blue response loss and the parasitic 
absorption loss in the NIR region. The blue loss is mainly due to the parasitic 
absorption loss in the front ITO layer and the a-Si:H layers.  
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Figure 5–13 Current loss analysis based on EQE and surface reflection data 
measured between two neighbouring finger lines.  
 
Figure 5–14 JSC loss breakdown based on the main loss mechanisms.  
In Table 5–7, the breakdown of the JSC loss for the investigated solar cells is 
summarised. The highest cell current is achieved by solar cells HET-1 and 
HET-3, which is mainly a result from the low parasitic absorption in the NIR 
range. In contrast, the lowest cell current is achieved by cells HET-5 and 
HET-6. The differences in the NIR absorption are related to the differences of 
the free carrier properties. As discussed in Chapter 4, the ITO film deposited 
at room temperature with hydrogen gas will lead to a reduction of the free 
charge carrier concentration, whilst ITO deposited with substrate heating in 
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pure Ar ambient generates more free electrons. The excess free charge 
carriers cause an increase of the free carrier absorption (HET-5 and HET-6), 
and therefore lead to a current loss in the long-wavelength range. Besides the 
NIR parasitic absorption, the base collection loss of HET-5 and HET-6 is also 
higher than for the other samples. Given the FF loss analysis results in Table 
5–6, although sputtering with higher substrate temperature leads to a 
reduction of the RS loss, the increased density of free charge carriers in the 
ITO introduces more parasitic absorption in the NIR region; therefore, the 
overall solar cell performance is affected. 
Table 5–7 JSC loss breakdown of the prepared HET solar cell based on the 
main loss mechanisms. 
Photocurrent density (mA/cm
2
) HET-1 HET-2 HET-3 HET-4 HET-5 HET-6 
Cell current  39.8 39.3 39.6 39.4 38.9 39.1 
Base collection loss 0.32 0.45 0.41 0.40 0.80 0.61 
NIR parasitic absorption 1.08 1.89 1.32 1.82 2.57 2.54 
Front surface escape 1.89 1.46 1.75 1.47 1.02 1.02 
ARC reflectance loss 1.24 1.29 1.28 1.35 1.22 1.22 
Blue loss 2.28 2.21 2.32 2.24 2.08 2.14 
Total current loss 6.81 7.30 7.08 7.27 7.69 7.51 
WAR (300 - 1000 nm) 3.15 3.28 3.21 3.47 2.79 2.79 
 
5.4 Summary 
In this chapter, the influences of the ITO deposition conditions on the 
passivation quality and performance of HET silicon solar cells were 
investigated. It was found that the degree of sputter damage is closely related 
to the ITO deposition temperature: at room temperature, the sputter damage 
is severe and cannot be fully recovered by a subsequent annealing process; 
when the ITO is deposited with substrate heating (> 150 ºC), the sputter 
damage can mostly be recovered during the deposition and only a minor 
sputter damage is observed. In addition, the ITO deposition temperature is 
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also crucial for the performance of the solar cell: ITO deposited at high 
temperature suffers less from resistive losses; however, the large free charge 
carrier density in the ITO impedes the optical performance of solar cell. The 
deposition temperature of 150 ºC gives the best ITO films in the URF 
sputtering system. It was shown that the ITO deposition process has a huge 
influence on the performance of HET solar cells. The precursors used in this 
chapter show an efficiency potential of above 20%, which gets reduced to 
19.7% for the champion cell, and further down to 17.4% when using 
inappropriate ITO deposition conditions. It was also demonstrated that the 
influence of the ITO layer on the HET solar cells is not only limited to the 
material properties, but also causes property mismatches with the 
neighbouring functional layers of the device.  
It is believed that the efficiency of the investigated HET solar cells can be 
further improved to above 20% if the front ITO thickness is reduced to around 
70 nm and, simultaneously, the front metal grid pattern is optimised. Once 
this has been completed, there is still much room left for further efficiency 
improvements, especially the improvement of the properties of the interfaces 
between the ITO layers and the doped a-Si:H films, as these interface regions 
cause major resistive losses in the HET solar cells investigated in this chapter.  
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Chapter 
6 Novel TCO/SANTE Hybrid Structure7 
 
6.1 Introduction 
A TCO film to be used as the front electrode in HET solar cells should ideally 
be fully transparent over a wide wavelength range and have metal-like 
electrical conduction properties; however, this is not the case for conventional 
TCO materials. The trade-off between conductivity and transparency makes it 
hard to simultaneously achieve highly conductive and highly transparent TCO 
films. In addition to the required TCO material properties, the front metal grids 
of HET solar cells are optimised so as to provide a sufficiently good current 
conduction path and a sufficiently low shading loss. The metal fingers are 
normally separated by about 2 mm, which means that electrons in the ITO 
layer have to travel up to 1 mm along the ITO layer until they reach the next 
metal finger; this contributes to additional resistive losses in the front 
electrode. To reduce the travelling distance of electrons in the TCO layer, 
more (and thinner) fingers are desirable. However, this is not easy to be 
realised due to the limitations of the printing screens and the viscosity of the 
silver paste. Additionally, in order to provide sufficient line conductance with a 
low shading loss, metal lines with high aspect ratios (i.e. height/width ratios) 
are required, which makes this approach harder to be realised [1].  
                                               
7
 Parts of the results of this chapter have been published in the following journal 
paper: 
M. Huang, Z. Hameiri, H. Gong, W.-C. Wong, A.G. Aberle, and T. Mueller, "Hybrid 
silver nanoparticle and transparent conductive oxide structure for silicon solar cell 
applications," Phys. Status Solidi RRL, vol. 8, no. 5, pp. 399-403, 2014. 
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Alternatively, the resistive loss from the front electrode can be reduced by 
using a highly conductive transparent material, with which fewer metal fingers 
could be used. To further reduce the sheet resistance of the front electrode, 
one possibility is to add a more conductive layer, for example a thin metal 
layer, to form a multilayer structure, such as an ITO/Ag/ITO structure [2] or a 
ZnO/Ag/ZnO structure [3]. Although the lateral conductance of such struc-
tures is greatly enhanced, the overall transmission suffers for a wide 
wavelength range of the solar spectrum, making this approach unsuitable for 
solar cell applications.  
Another alternative approach is to use a metal mesh network that is 
fabricated using either patterning methods or wet-coating processes of metal 
nanostructures (i.e. nanoparticles, nanowires). Commonly used patterning 
methods include lithography [4, 5] and direct writing methods by inkjet printing 
[6, 7]. The patterning methods are able to form regular and periodic structures, 
with an accurate control of the network line width down to the nanoscale 
range; however they are limited to small-area devices due to the complex 
fabrication process. In contrast, wet-coating methods, including spin coating 
[8], Meyer rod coating [9] and spray coating [10], are solution based methods, 
and thus are economic approaches for large-area device applications such as 
solar cells. 
An interesting metal mesh network produced by solution based methods is 
the SANTE technology of Cima NanoTech [11, 12] which seems to have the 
potential to significantly reduce the resistive loss of the front electrode of HET 
solar cells. The SANTE mesh simultaneously possesses a remarkably low 
sheet resistance of below 5 Ω/□ and 90% transparency in the visible range of 
the solar spectrum. While TCO materials function as a thin film, the SANTE 
‘film’ has a mesh like structure which is formed by closely packed silver 
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nanoparticles. Compared to sputtered TCO films, the SANTE mesh has 
higher flexibility and ductility, which can be used for devices with flexible 
substrates such as organic light emitting diodes (LEDs) and thin-film solar 
cells. It not only maintains the transmission of a traditional TCO film, but also 
breaks the electrical limitation of TCOs: the electrical conductance of the 
SANTE electrode is more than 10 times higher than that of a conventional 
TCO electrode.  
The preparation of SANTE films is based on a wet-coating process. The silver 
nanoparticles are initially embedded and suspended in a solvent emulsion. 
After a wet-coating process at atmospheric pressure, the nanoparticles self-
assemble into a random mesh-like network on the coated substrate due to the 
evaporation of solvents. The formed network is bonded with resin contained 
in the emulsion. After either a thermal or a chemical post-coating treatment, 
the silver nanoparticle mesh becomes highly conductive. The two main 
advantages of the SANTE film are: (i) mask-less coating process, and (ii) 
inexpensive deposition tool. These features ensure a simple and low-cost 
process. Furthermore, the SANTE film is compatible with a large-area roll-to-
roll process, which is easy to be adapted for industrial mass production. In the 
laboratory, the coating of the SANTE mesh is realised by using a Meyer rod. 
Currently, it is capable to be coated onto substrates such as polyethylene 
terephthalate (PET), glass and silicon wafers. The features of the SANTE 
mesh vary for different substrates, due to the influence of the surface energy 
of the coating substrate. A hydrophilic substrate surface is necessary for 
uniform coating; hydrophobic surfaces have to undergo some pre-treatments 
to improve the surface wettability. 
SEM micrographs of the SANTE mesh and the morphology of the silver 
nanoparticles on a PET substrate (without TCO film) are shown in Figure 6–1. 
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Excluding the mesh network covered region, the openings between the silver 
lines are 100% transparent (and non-conductive). The height of the silver 
nanoparticle lines is in the range of 3 μm, while the average ‘pore’ size is 
around 200 μm (the pore size is variable, by adjusting the silver emulsion 
accordingly). The diameter of the silver nanoparticles is about 50 nm. The 
area coverage of the silver mesh is about 12% (an average value of 11.8% 
was obtained on 10 different samples via image processing, by extracting the 
shading percentage within a certain colour threshold).  
 
Figure 6–1 SEM images of the silver nanoparticle mesh: (a) pattern on PET 
substrate, (b) morphology of the silver nanoparticles.  
6.2 General properties of the SANTE film 
6.2.1 Electrical properties 
The conductivity of the SANTE film is determined by a few factors, such as 
the size of the silver nanoparticles, the line width of the silver mesh, the pore 
size between the silver lines, and the post-coating treatment conditions. The 
electrical performance of the film was monitored by 4PP (equipped with four 
1-mm diameter probes). Since the SANTE pattern is random and varies with 
the surface energies of the coating substrate, the sheet resistances of SANTE 
films on different coating substrates are not the same, despite using the same 
emulsion. Table 6–1 lists the typical sheet resistances of SANTE coatings on 
different substrates (glass, PET, polished c-Si wafer and textured c-Si wafer) 
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by using the standard emulsion recipe (with 50 nm size silver nanoparticles). 
The SANTE films are coated with a Meyer rod at a wet layer thickness of 24 
μm, which is controlled by the thread of the rod. It is noticed that for the used 
emulsion, the coating on glass and PET substrates result in the lowest film 
sheet resistance. Due to large surface features of the pyramids, the coating 
on a textured wafer surface has some uniformity issues. The difficulty of 
assembling the silver nanoparticles on textured c-Si wafers leads to an impact 
on the film resistivity, as shown in Table 6–1. 
Table 6–1 Average sheet resistance of SANTE films coated onto various 
substrates, using the same emulsion. 
Substrate Sheet resistance (Ω/□) 
Glass 5.9  0.1 
PET 4.4  0.1 
Polished wafer 9.8  0.5 
Textured wafer 10.5  1.0 
 
6.2.2 Optical properties 
The transmission and reflection of a SANTE film on a PET substrate (sheet 
resistance of 4.4 Ω/□) was measured by UV/Vis/NIR spectrophotometry in the 
range of 250 to 1500 nm, at a wavelength interval of 5 nm. As a reference, a 
bare PET substrate was characterised in the same range. As shown in Figure 
6–2, the transmission of the PET substrate is about 90%. The 10% loss is 
mainly due to surface reflection, as the optical absorption in PET is negligible. 
For the sample with SANTE coating on PET substrate, the transmission in the 
range of interest is around 80%. The 20% optical losses come from reflection 
(12%) and absorption in the silver mesh (8%). The transmission of the 
SANTE film is wavelength independent; therefore it is capable to maintain the 
high transmission over a wide wavelength range. Since the SANTE patterns 
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can be adjusted by altering the coating emulsion, the absorption of the 
SANTE film can also be engineered to fit different optical requirements. 
 
Figure 6–2 Transmission, reflection and absorption of SANTE-PET and 
PET samples. 
6.3 TCO/SANTE hybrid structure 
As mentioned previously, due to the antagonistic properties of conductivity 
and transparency, it is hard to meet both high electrical and optical 
performance at the same time. The situation is even more difficult when the 
thickness of the TCO is fixed at 80 nm in HET solar cells, which then makes 
the improvement of the TCO’s conductance very challenging. The SANTE 
film is a good alternative that can significantly improve the effective 
conductance of the coatings. As the front electrode in HET solar cells also 
functions as the ARC, it is not possible to use only the SANTE film as it fails 
to provide uniform anti-reflection properties over the whole surface. Therefore, 
a hybrid structure is proposed and fabricated by superimposing the SANTE 
mesh with an 80 nm thick TCO layer. This structure allows to separately 
engineer the electrical and optical properties of the front electrode: the 
electrical layer (i.e. the SANTE mesh) provides sufficient lateral conductance 
for the charge carriers, while the optical layer (i.e. the TCO layer) mainly 
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functions as an antireflection coating (but also provides a short-distance 
lateral conduction path towards the SANTE mesh and maintains good 
interfacial properties with the a-Si:H layers) [13]. Due to the high conductance 
of the silver mesh, cost-effective TCO materials can be used to further reduce 
the overall device cost. Additionally, by using the hybrid structure, the 
electrons’ travelling distances along the TCO layer are further shortened. 
Under such circumstances, the metal finger spacing (or pitch) of HET solar 
cells using the hybrid structure can be widened to further reduce the shading 
loss.  
6.3.1 Sample information 
For characterisation purposes, clear quartz glass panes of 125 × 125 mm2 
size were used as substrates. Two types of TCO materials, ITO and AZO, 
were used in this study. Both were deposited at 5 mTorr and 150 °C by URF 
magnetron sputtering, using ceramic targets. The deposition conditions are 
listed in Table 6–2. 
Table 6–2 Deposition conditions for ITO and AZO thin films by URF 
magnetron sputtering. 
Target Power (W) Ar (sccm) 5% H2+95% Ar (sccm) Thickness (nm) 
ITO 150 20 1 80 
AZO 200 23 - 80 
 
At the current stage of development, direct coating of the SANTE mesh onto 
TCO-coated substrates is still a challenge due to the low wettability of TCO 
surfaces. This issue will be improved in the future, for example by the use of 
an oxygen plasma [14] or a UV ozone treatment [15]. Currently, a transfer 
technique is employed to transfer the silver nanoparticle mesh from a coated 
PET foil (donor, SANTE FS110, Cima NanoTech) to the TCO-coated 
substrate (receiver), using an UV curing resin (see below for more details). 
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The transfer method can form the silver mesh structure on various substrates, 
without modification of the emulsion. Besides being very suitable for devices 
formed on glass substrates (such as organic and thin-film solar cells), the 
transfer method is a useful tool to examine the performance of the hybrid 
structure before applying in a solar cell structure. 
The transfer procedure is as follows: (i) A thin layer of UV-curing resin 
(Photocure, Sartomer) is coated onto the TCO-coated glass substrate by a 
Meyer rod [Figure 6–3(a)]. (ii) The donor PET foil is attached to the 
resin/TCO/glass stack and the sample is then loaded into a laminator (GHQ 
320 PR3, GMP) operating at 80 ºC at the speed of 5 mm/s [Figure 6–3(b)]. 
This process makes the silver mesh fully embedded in the resin. (iii) The 
laminated stack is loaded into a UV system (Light Hammer 10, Fusion UV, 
Heraeus) equipped with a mercury bulb (H bulb) [Figure 6–3(c)]. The UV 
system is employed to activate and harden the resin at 0.212 J/cm2 UV light 
intensity and conveyer speed of 3 cm/s. (iv) After the hardening process 
under the above UV conditions, the PET substrate can be easily (and fully) 
peeled off, leaving the silver nanoparticle mesh on the TCO-coated glass 
[Figure 6–3(d)].  
 
Figure 6–3 Transfer procedure of the silver nanoparticle mesh to a target 
substrate: (a) UV resin coating using a Meyer rod; (b) laminating the stack in 
a hot laminator; (c) hardening of the resin under UV light exposure; (d) peel 
off PET substrate to finish the transfer. 
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To investigate the performance of the hybrid structure, six samples were 
prepared. In addition to the samples with only TCO layers, two hybrid 
structures, namely ITO/SANTE and AZO/SANTE, were fabricated to compare 
the electrical and optical performance with the standard structure (TCO only). 
As a reference sample, a bare glass pane with only a cured resin layer (of the 
same thickness) was prepared (sample Ref-1). Another reference sample 
with a 20 nm thick TCO film covered only half of its surface by the silver 
nanoparticle mesh was fabricated to test the contact conditions between the 
TCO and the silver mesh (sample Ref-2). Details of the prepared samples are 
given in Table 6–3. 





Substrate coating  SANTE coating 
TCO-1 80 nm ITO No 
TCO-2 80 nm AZO No 
Hybrid-1 80 nm ITO Yes 
Hybrid-2 80 nm AZO Yes 
Ref-1 Resin No 
Ref-2 20 nm ITO  Yes (half area) 
 
6.3.2 Performance of the TCO/SANTE hybrid structure 
After the UV curing, the resin becomes totally resistive. The contact condition 
between the ITO layer and SANTE was first examined by a pyrometer. 
Sample Ref-2 was taped at the each end with copper tape and a small 
current (0.1 A) was conducted via the probes connected at the taped area. As 
shown in Figure 6–4, within 30 s the ITO region was much hotter (maximal 
temperature of 51.8 °C) than the transferred region (averaged around 25.9 °C) 
and an obvious temperature distribution gradient was observed in ITO region. 
As the current conduction circuit is built across the taped regions, which 
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indicates that the resin layer was not blocking the current conduction between 
the ITO film and the SANTE film. The uniform temperature distribution in the 
silver mesh at a much lower temperature shows the difference of current 
conduction ability between ITO film and SANTE mesh.  
 
Figure 6–4 (a) Schematic of the current conduction ability test and (b) 
temperature distribution of the half transferred test structure observed by a 
pyrometer.  
The sheet resistance and the average visible transmission of the different 
samples are listed in Table 6–4. A large reduction of the sheet resistance, by 
more than a factor of 10, was observed after transferring the silver mesh onto 
the TCO-coated glass substrate. It is noted that this large reduction was 
accomplished with only a moderate reduction of the visible transmission. It is 
suspected that some forward scattering occurs due to the localised surface 
plasmonic resonance of the silver nanoparticles (or the internal reflection at 
the air-glass or air-resin interface), which compensates some of the shading 
loss. Of particular interest is the hybrid structure involving AZO; this structure 
demonstrates almost identical properties as that made with the more 
expensive ITO film. The corrected visible transmission, representing the 
transmission of the samples excluding the influence of the substrate, is 
calculated by dividing the transmission of the sample by that of the bare glass 
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pane (Tvisible: 92.4%). The figure-of-merit of the transparent conductors (ΦTC) 







  ,                                     (6.1) 
where Tvisible corrected is the corrected average transmission in the visible range 
excluding the influence of the substrate and Rsheet is the sheet resistance of 
the structure to be quantified. 
Table 6–4 Sheet resistance and visible transmission of TCO layers and 
hybrid structures. 
Properties 80 nm ITO 80 nm AZO 
TCO-1 Hybrid-1 TCO-2  Hybrid-2 
Rsheet (Ω/□) 47±1.2 4.7±0.2 180±5.0 4.8±0.3 
Tvisible (%) 82.5±0.1 79.5±0.2 84.5±0.1 79.6±0.2 













Owing to the good electrical properties of the silver mesh, which is superior to 
that of silver nanowire and nanoparticle meshes reported previously [4, 8], the 
lateral conductance of the hybrid structures is greatly increased. This hybrid 
structure is also shown to have higher lateral conductance and transparency 
than hybrid structures formed by silver nanowires (using either carbon 
nanotubes [17] or titanium dioxide [18]). The obtained transmission is similar 
to that of grid patterns formed by silver nanoparticles with a 200 μm wide 
pitch [7]. Note that these superior results were obtained by a process which is 
much simpler and cheaper than those previously used. Since the silver 
nanoparticle mesh is formed via a wet-chemical coating process, it is possible 
to create patterns with different opening sizes and line widths, by simply 
modifying the emulsion compositions. 
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The interfacial and cross-section SEM images of the hybrid structure are 
illustrated in Figure 6–5: Figure 6–5(a) shows a top-view SEM image of the 
interfacial region of the silver nanoparticles and the UV-treated resin. The 
cross-sectional image of the hybrid structure in Figure 6–5(b) shows that 
physical contacts between the silver line and the TCO film have been 
established. 
 
Figure 6–5 SEM images of sample Hybrid-1: (a) top-view of the interface 
between the silver nanoparticles and the resin; (b) cross-sectional view of the 
silver nanoparticle mesh. 
Figure 6–6(a) compares the optical transmission (bare glass as reference in 
UV/Vis/NIR measurement) of the ITO hybrid structure (Hybrid-1) with that of a 
standard sample having an 80 nm thick ITO film (TCO-1). As can be seen, 
even with the influence of resin, the hybrid structure maintains a high trans-
mission of well above 80% in the 400–1200 nm wavelength range. The 
reduced transmission compared to the standard sample is due to the shading 
loss from the silver mesh network and the additional transmission loss caused 
by the resin layer. The estimated transmission, after excluding the loss 
caused by the resin layer (by using sample Ref-1 as reference in UV/Vis/NIR 
measurement, Tvisible = 90.4%), predicts that the hybrid structure will retain 85% 
transmission in the 400–1200 nm wavelength range once the direct coating of 
the silver nanoparticle mesh is realised. An image of the hybrid structure of 80 
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nm ITO and silver nanoparticle mesh on a glass pane is shown in Figure 6–
6(b). 
 
Figure 6–6 (a) Optical transmission as a function of wavelength of the 
ITO/SANTE hybrid structure (red solid line) and a standard sample with 80 
nm ITO thickness (black line). Also shown (red dashed line) is the estimated 
optical transmission of the hybrid structure after elimination of the influence of 
the resin layer; (b) Photo of the ITO/SANTE hybrid structure on glass pane. 
An adhesion test was done by using the crosshatch testing method [19]. As 
shown in Figure 6–7, the hybrid samples were cut with a blade into 1 mm 
wide squares (whereby each cut went all the way to the glass substrate). The 
tested regions were then brushed five times in a diagonal direction, followed 
by an adhesion test using a sticky tape (intertape® 51596). The smooth 
edges around the cutting region and the fact that none of the silver mesh was 
detached after the tape test confirm good adhesion between the transferred 
silver mesh and the underlying TCO film.  
 
Figure 6–7 Top-view SEM images of the ITO hybrid structure after an 
adhesion test. 
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6.4 Summary 
In this chapter, the potential of a TCO/SANTE hybrid structure to reduce the 
sheet resistance of the transparent conductive electrode by one order of 
magnitude is shown. By using this hybrid structure, the electrical properties of 
the front transparent electrode can be improved enormously, with a small 
extra loss in the optical transmission. It should be noted that the hybrid 
structure can be further optimised. For example, the TCO layer used in this 
hybrid structure can be further tuned so as to be less conductive but more 
optically transparent, in order to reduce the optical loss. The SANTE donor 
emulsion can also be adjusted to meet the conductivity and transparency 
requirements of an electrical layer. Owing to the good optoelectrical 
performance of the hybrid structure, it can be applied to other types of solar 
cell structures, with particularly strong advantages expected for applications 
in thin-film solar cells which use a thick TCO layer as the electrode. By using 
the hybrid structure, a large reduction of the TCO deposition time can be 
realised, which in turn lowers the sputtering cost and improves the overall 
throughput in mass production.  
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Chapter 
7 Summary and Proposed Future Work  
 
7.1 Summary of the thesis 
This thesis focused on the fabrication and characterisation of transparent 
conductive electrodes for application in HET silicon wafer solar cells. The 
results obtained in this work provide an improved technical guidance and 
fundamental understanding for developing high-quality ITO films that are 
suitable for use in HET silicon wafer solar cells. There are four main parts of 
research work contained in this thesis.  
Firstly, the ITO deposition conditions were studied in both PDC and URF 
sputtering systems. The influences of discharge power, chamber pressure, 
deposition ambient (H2 or O2) and substrate temperature were studied 
systematically. The study of the material basics served as the platform for a 
detailed in-depth analysis of various ITO films. For both sputtering systems, 
the optimal deposition recipes were developed at low-power and low-
temperature conditions suited for HET solar cell applications. Besides the 
investigation of the deposition parameters, the annealing induced changes 
were investigated based on a group of samples with various film crystallinities. 
The annealing was conducted either below (i.e. 150 ºC) or above (i.e. 200 ºC) 
the crystallisation temperature of amorphous ITO, for an extended period of 
up to four hours. No clear degradation was observed when the ITO films were 
annealed at 150 ºC and all the samples maintained good material properties. 
In contrast, for ITO films with low crystallinity, greatly degraded electrical 
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properties were observed after a 30-minute anneal at 200 ºC. A significant 
improvement of the film crystallinity was observed in the samples with low 
initial crystallinity. Due to the improvement of the film crystallinity, the doping 
efficiency of Sn atoms improves, which generates excess ionic charges which 
hinder the electron mobility. 
During the optimisation of the sputter process parameters, it was found that 
the deposition power has a high influence on the electrical performance of 
ITO films. ITO films deposited at higher powers were shown to have higher 
concentrations of free electrons and thus are more electrically conductive. 
XPS analysis was used to explore the microstructural differences in the ITO 
films prepared with different deposition powers. It revealed that, with 
increasing deposition power, the film crystallinity and the ratios of oxygen 
deficient states and Sn4+ bonding states increase. These two bonding states 
are the most relevant states for the oxygen vacancies and substitutional Sn 
atoms, which contribute to the high electron concentration in ITO films with 
high crystallinity. The XPS analysis also revealed that oxygen vacancies are 
the main electron donors in ITO films with amorphous nature, while with 
increasing deposition power the film crystallinity improves, along with an 
increasing Sn doping efficiency. The ionised dopant atoms create many 
scattering centres, which in turn impede the electron mobility. 
Additionally, darkened ITO films with low optical transparency were observed 
when prepared in pure Ar ambient by PDC sputtering, while no such 
behaviour occurred in URF sputtering. The darkened samples showed poor 
electrical conductivity due to a low electron mobility. Using the XPS analysis 
method, the darkened appearance of the PDC-sputtered ITO films was shown 
to be due to the existence of second phase Sn3O4, which severely darkens 
ITO films when it is excessively present both in the surface layer and in the 
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film bulk. The darkening effect was greatly restrained when additional oxygen 
gas was used during the sputtering process. The difference of ITO darkening 
in both systems was found to be associated with the film growth rate. The 
faster film growth rate in PDC sputtering leads to a low migration rate of the 
second phases, which are then trapped in the film and cause darkening. 
Moreover, different sputtering gases were required in the used systems: PDC 
sputtering needed additional oxygen gas to prevent the film darkening effect 
and to improve the film transparency and conductivity, while the URF 
sputtered ITO films had improved material properties when deposited in a 
hydrogen diluted ambient. It was found that the hydrogen gas used in the 
URF sputtering process reduces the density of the ionised scattering centres 
in the ITO films, which maintains a low carrier concentration and improves the 
electron mobility. The XPS analysis method developed in this work is capable 
to explain the above-mentioned phenomena and it can also be used to 
analyse other TCO materials in a similar manner. 
Having determined the material properties of the developed ITO films, the 
influences of the ITO properties and the deposition conditions on HET silicon 
wafer solar cells were investigated. The sputtering process is generally 
believed to influence the passivation quality of the silicon wafers. At similar 
power densities, both PDC and URF sputtering led to almost the same 
degree of sputter damage. However, the main sources of the damage are 
different: PDC sputtering introduces more ion-bombardment damage, while 
the URF sputter damage is primarily a plasma luminescence damage. The 
sputter damage was more pronounced when the ITO deposition was carried 
out at room temperature, as observed by a severe drop of carrier mobility and 
implied VOC of the solar cells. A reduced sputter damage was observed when 
the ITO films were deposited at an elevated temperature, whereby the 
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majority of the sputter damage was recovered during the deposition process. 
The sputter damage can be further recovered during the curing process of the 
metal pastes. For HET solar cells with ITO deposited with substrate heating, a 
small voltage drop of around 20 mV was observed between the implied VOC 
before ITO deposition and the VOC of the completed solar cell after 
metallisation. The best ITO recipe developed in this thesis produced HET 
solar cells with efficiencies approaching 20%. The electrical (i.e. FF) and 
optical (i.e. EQE) loss analyses were carried out on the HET solar cells 
fabricated with different ITO deposition conditions, which helped to identify 
the loss mechanisms involved in the ITO deposition process. The analyses 
showed that, instead of the ITO material properties, the band misalignment of 
the ITO films with the doped a-Si:H or the high electrical contact resistance 
layer formed during the sputtering process could lead to a huge FF loss, 
which is the dominant loss mechanism in the fabricated HET solar cells.  
Lastly, the requirement of further reducing the sheet resistance of the front 
electrode leads to an urgent need for novel materials and concepts. The 
investigated SANTE film is a novel metal mesh structure based on self-
assembled silver nanoparticles. A hybrid structure of a thin TCO layer 
underneath a SANTE mesh was proposed and fabricated to separate the 
electrical and optical requirements of the front electrode: the SANTE mesh 
provides the required lateral conductance (i.e., low sheet resistance) while the 
TCO layer only functions as an anti-reflective coating. It was demonstrated 
that the hybrid structure is capable to reduce the sheet resistance of the front 
electrode by 90% while still maintaining a high optical transmission over a 
wide wavelength range of the solar spectrum. The feasibilities of applying the 
hybrid structure in HET solar cells were discussed. It was also demonstrated 
that the hybrid structure has great potential to further improve the 
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performance of HET solar cells, by greatly improving the conductance of the 
electrodes.  
7.2 Original contributions 
 Development of ITO deposition recipes giving low sputter damage in 
industrially feasible sputtering systems, for application in HET silicon 
wafer solar cells.  
 Investigation of the annealing induced changes in ITO films with different 
crystallinities. The root causes of the annealing induced degradation were 
investigated and identified. 
 Development of optical models for ITO and AZO materials which is 
capable to extract the thickness (< 100 nm) and dielectric functions of thin 
films by fitting of ellipsometry data. 
 Development of a standard XPS analysis method for ITO films. With this 
method, the darkening effect, the electrical conduction mechanism as well 
as the influence of the sputtering gas can be well explained and 
understood. 
 Investigation of the sputter induced damage for different ITO deposition 
conditions. Investigation of the influence of the ITO deposition conditions 
on the performance of HET silicon solar cells. 
 Identification and quantification of the major losses in the FF and EQE of 
HET silicon solar cells. Identification of practical pathways to fabricate 
HET solar cells with > 20% efficiency.  
 Development of standard characterisation methods for the SANTE film, 
such as calculating the area coverage of SANTE films, extracting the bulk 
resistivity of the silver nanoparticles, and obtaining optoelectrical 
properties of SANTE films on different substrates. 
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 Proposition and fabrication of the hybrid TCO/SANTE structure, which 
breaks the electrical limitation of conventional TCO layers. This is the first 
time that the sheet resistance of the front electrode has been reduced by 
90% while the optical transmission was not seriously degraded.  
7.3 Future work 
Some promising areas where further research work is needed are:  
 The optimisation of the properties of the interface between the TCO layer 
and the doped a-Si:H layer needs to be continued. The details about the 
sputter induced damage should be investigated, such as the interface 
properties of the layered structure by high-resolution TEM measurements. 
The effect of band misalignment of ITO films with the p-type a-Si:H needs 
to be investigated, so as to reduce the RS and FF loss at the interface and 
to improve the HET solar cell efficiency. The curing conditions of the silver 
paste need to be optimised to achieve better metal grid conductivity while 
minimising the degradation of the ITO films during the curing process. In 
order to better identify and quantify the different losses, different test 
structures should be fabricated so as to separate the influence from each 
loss mechanism. 
 Develop TCO films which have a higher electron mobility to further reduce 
parasitic free carrier absorption in the NIR region while maintaining good 
electrical conductivity. The best ITO material developed in this thesis is 
limited to around 50 cm2/Vs. Although this is higher than some of the 
results reported in the literature [1], the improvement of the carrier mobility 
is always desired for applications in solar cells to further reduce optical 
parasitic absorption. Novel TCO materials, such as In2O3:H or In2O3:Mo, 
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with high electron mobility of more than 100 cm2/Vs [2, 3], would be very 
beneficial for HET solar cell applications. 
 It is of major interest to further develop the direct coating method for 
SANTE films. Initial studies showed that, with proper surface treatments 
(e.g., oxygen plasma or UV ozone treatment), the SANTE film can be 
realised on ITO films. However, the uniformity of these SANTE films was 
poor and needs further improvement. Additionally, due to the unique 
features of the SANTE mesh, it is proposed that a metal plated SANTE 
mesh can be embedded into an ethylene vinyl acetate (EVA) foil (i.e., as a 
hybrid SANTE/EVA foil) for applications in solar modules. The ohmic 
contact between the solar cells and the SANTE mesh can be formed 
during the PV module lamination process (contact formation can be 
realised by using metal alloys with low melting temperature). This 
modified SANTE hybrid structure could be competitive with other novel 
solar cell interconnection technologies, such as the SmartWire 
Connection Technology (SWCT) [4, 5]. 
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Summary of film deposition tools and characterisation techniques used in this 
thesis. 
Thin film growth Materials  Growth techniques Tools 
ITO PDC magnetron 
sputtering system  
Line540, FHR 
ITO/AZO/In2O3 URF magnetron 
sputtering system  
UBM system, NIT 
Thin film 
characterisation 
Properties  Techniques Tools 
Thickness Stylus profiler Dektak 150, Veeco 
Ellipsometry SE-2000, Semilab 
Electrical 
properties 
Manual 4PP RM3-AR, Jandel 
Loresta-GP MCP-
T610, Mitsubishi  
Mapping 4PP CMT-SR2000N-PV, 
AIT 




Haze meter NDH 5000, Nippon  
Haze-gard plus, BYK 
UV/Vis/NIR Lambda 1050, 
PerkinElmer  








SEM Auriga-39-35, Zeiss 
TEM 2010f, Jeol 
XRD D8 venture, Bruker 
Surface 
properties 
XPS Escalab 220i-XL 
XPS, VG Thermo 
Device 
characterisation 
Properties  Techniques Tools 




EQE tester SR-156, EnliTech 
I-V 
characteristics 










Optimised process parameters developed for ITO depositions in the PDC and 
URF sputtering systems used in this thesis. 
 PDC sputtering system URF sputtering system 
Discharge power (W) 800 100 
Power density (W/cm
2
) 1.6 1.2 
Chamber pressure (mTorr) 1.3 5 
Total gas flow rate (sccm) 125 21 
PO2 (%) 2.4 - 
PH2 (%) - 0 / 0.24 
Carrier traveling speed (mm/s) 12 - 
Carrier rotation speed (r/min) - ~ 6 
Pre-sputter duration (min) 5 5 
Pre-heating time (min) 10 10 
Post-heating time (min) 10 10 
Substrate temperature (ºC) 150–220 150–200 
 
